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Abstract
WATER is LIFE and the economy of many countries including the West African sub-region
depends directly or indirectly on the water availability.
The Intergovernmental Panel on Climate Change (IPCC) reports predict and continues to
predict global warming and a changing climate. Because there is a strong interconnection
between the climate and the hydrological cycle, any changes that would occur in the climate
system would also affect the hydrological cycle. As a result of the above and other reasons,
a clear scientific research and understanding of the effects of the changing climate on the
hydrology and water resources of an area is always eminent and crucial.
Western Africa is a fast developing sub-region within the African continent. It faces chal-
lenges like water scarcity, diseases, famine, unemployment and sometimes poor decisions
on water related projects. Several studies by other researchers have revealed that, climate
change has already made it’s footprint in the sub-region.
In this study, I tried to ascertain further how much climate change is happening in the West
Africa sub-region and to also determine its effect on the hydrology of the region. And in
doing this, different latest climate models and simulations in conjunction with a conceptual
lumped hydrological model were used in the study. The study was performed on the Black
Volta Catchment in the sub-region which has an approximate area of 150,000 km2.
Precipitation is a climate variable that influences the hydrology and water resources of an
area. For any hydrological or climate model, one has to know the spatial and or tempo-
ral trend of this important variable (i.e. Precipitation) and how reliable it’s observed and
ground-truth data is. The observed annual rainfall cycles, rainfall correlation between pairs
of stations, as well as what influences precipitation in the Black Volta Basin were investi-
gated. Precipitation time series for about 20 stations ranging from 1961 to 2005 were used.
The analyzed observed climate depicted the different climates in the catchment which
ranges from a sub-humid climate in the south to a semi-arid in the north of the basin. There
is also a bi-modal annual rainfall cycle at the south of the catchment and a uni-modal cy-
cle towards the north of the basin. The precipitation has a decreasing gradient towards
the north of the basin which is all in consonant with previous studies and results by other
researchers. A correlation analysis was performed on what influences precipitation in the
catchment and at the end, it was revealed that the distances of the rain gauges from the
coast influences precipitation and not the elevations. This knowledge was used as the exter-
nal drift during the spatial interpolation of rainfall using external drift Kriging to produce
maps of long-term monthly and annual rainfall mean for the study area.
Rainfall-runoff models are necessary and needed to predict water resources future develop-
ment. And to investigate the water balance situations in the catchment, a lumped version
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of the conceptual HBV−IWS version (Hydrologiska Byrans Vattenbalansavdelning) hydro-
logical model was applied to the study area. The observed station data (i.e. rainfall and
temperature) were obtained from the Meteorological agencies in Ghana and Burkina Faso
and the Volta basin geoportal. Discharge measurements at two different locations were used
to optimize the model parameters and to check the performance of the model.
In assessing how well the model performs, different optimization techniques ranging from
Nash-Sutcliffe (NS), the logarithmic of the Nash-Sutcliffe (LogNS), the Nash-Sutcliffe with a
bias constraint (NS-Bias) and the Kling−Gupta (KG) were used. The robust parameter esti-
mation (ROPE) was used to generate and calibrate 10,000 best parameter sets in a computer
framework with initially set model parameter ranges. The model performed well with an
average NS of 0.75 and 0.6 for calibration and validation respectively. The performance also
improved when a higher weight was given to the low-flows during the optimization.
Again, the robustness and steadiness of the HBV rainfall-runoff model was assessed by us-
ing various calibration and validation techniques. Results also show that the model reacts
well to signals in that a split sampling of the data into dry and wet years used for calibra-
tion and validation and vice-versa yielded good results. The annual discharge cycle was
subtracted from both the observed and modeled discharges and then the efficiency of the
model was determined using the residual-discharges and the results were found to be en-
couraging.
Climate models such as General Circulation Models (GCMs) and Regional climate models
(RCMs) are tools used to simulate the climate of the present and to also predict the future
climate. The GCMs have coarser resolutions and they are mainly on the global scale and the
RCMs are used on the regional to local scales.
In this study, GCM/RCM climate data from the Coordinated Regional Downscaling Experi-
ment (CORDEX) and the Regional Climate Division of Institute of Meteorology and Climate
research at Karlsruhe Institute of Technology (IMK-IFU) was used to determine how the cli-
mate in the West Africa sub-region will be in the future. Six (6) different GCM (CanESM2M,
EC−EARTH, ECHAM6, HadGEM, GFDL and MIROC) driving models were used in the
study. The Rossby Centre regional Atmospheric Climate model (RCA4) and the Weather
Research and Forecasting (WRF) Model were used as the RCM for the data from CORDEX
and IMK−IFU respectively. The analysis was performed on a daily temporal resolution
and a spatial resolution of 50 km and 12 km respectively for the data from CORDEX and
IMK−IFU.
The GCM/RCMs climate simulations showed biases, and they were corrected by using the
Linear Scaling and the Quantile mapping methods of bias correction. In general, the results
produced by the latter correction method produced better results than the former. It was
then clear from the climate analysis that the future climate will change with respect to the
temperature and the rainfall pattern and amounts. All the GCMs/RCMs predicted and
confirmed a warmer future of about +1◦C to +2◦C. For precipitation, the models predicted
both a slight increase and a decrease in the future rainfall. Similar climate trend was also
observed in the bias corrected simulations.
The core of the research, which is to determine the effects of the changed climate on the
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hydrology of the region, was performed using the robust and validated HBV hydrological
model and the uncorrected and corrected climate simulations. The experiment was done on
a daily temporal scale. It was found out that, out of the five (5) GCM driving models used for
the impact analysis, four (4) of the models predicts a decrease in the discharge or hydrology
of the sub-region and only one showed a slight increase. The corrected GCM/RCM climate
simulations reproduced the same trend and signal as in the uncorrected data. And again, the
bias corrected results showed a clear and better performance than the uncorrected climate
simulations.
It was therefore concluded that climate change could negatively impact and decrease the
hydrology of the sub-region in the future. The river flow could reduce and most of the rivers
in the catchment will run dry in most months of the annual discharge cycle. But it should be
stressed that, because only one climate scenario (the rcp45) was used for the analysis, care
must be taken in using the results of the studies.
As a result of the decrease in river flow that will occur in the future as a result of climate
change. This could tremendously affect the water resources of the sub-region and will
also negatively impact on the socio-economic well-being of the people in the region. Hy-
dropower is the main source of electricity for the region and this will also be negatively
affected because of climate change. The people in the region are mainly farmers who use
this scarce water resource to also irrigate their farms and they depend on this occupation for
their sustenance and livelihood. The population of the sub-region is rising up at a growth
rate of about 2.5% per annum which also put additional stress on the water resources in the
area.
The above challenges and problems should prompt immediate proper adaptation and mit-
igation measures to be implemented so as to ameliorate the impact of these changes on the
people and the economy of the region as a whole.
Kurzfassung
WASSER ist LEBEN. Auch deswegen ha¨ngt die Wirtschaft vieler La¨ndern, und speziell die
der westafrikanischen Subregion, entscheidend von der Wasserversorgung ab.
Der Weltklimarat (Intergovernmental Panel on Climate Change, IPCC) sagt in seinen Sach-
standsberichten zuku¨nftige Klimavera¨nderungen und anhaltende globale Erwa¨rmung vo-
raus. Aufgrund der starken Kopplung von Klima und Wasserkreislauf werden die zuku¨nfti-
gen Klimaa¨nderungen auch den Wasserkreislauf betreffen. Aus diesen Gru¨nden sind wis-
senschaftlich fundierte Erkenntnisse u¨ber die Auswirkungen klimatischer Vera¨nderungen
auf die Hydrologie, und damit einhergehend tieferes Versta¨ndnis u¨ber Wasserressourcen
wichtig und von eminenter Bedeutung.
Westafrika ist ein sich rasant entwickelnder Teil des afrikanischen Kontinents. Als Her-
ausforderungen dieser Entwicklung sind unter anderem Wasserknappheit, Krankheiten,
Hunger und Arbeitslosigkeit zu nennen. Nicht zuletzt werden bei wasserbezogenen
Projekten außerdem manchmal schlechte Entscheidungen getroffen. In mehrere Studien
wurde aus diesen Gru¨nden schon besta¨tigt, dass der Klimawandel in Afrika bereits seine
Fußabdru¨cke hinterlassen hat.
In der vorliegenden Arbeit vertiefe ich das Wissen daru¨ber in welchem Maße der Klimawan-
del in der westafrikanische Subregion stattfindet und untersuche den Einfluss auf die Hy-
drologie in der Region. Als Grundlage fu¨r die Untersuchungen dienen die aktuellsten Kli-
mamodelle und Simulationen in Kombination mit hydrologischen Wasserhaushaltsmod-
ellen. Als Untersuchungsgebiet dient das Einzugsgebiet der Schwarzen Volta mit einer
Gesamtfla¨che von ungefa¨hr 150.000 km2.
Eine Haupteinflussgro¨ße auf die regionale Hydrologie und den Wasserhaushalt ist der
Niederschlag. Fu¨r jedes hydrologische Modell ist also die ra¨umliche und zeitliche
Verteilung des Niederschlags und eine genaue Kenntnis der Datenlage und −qualita¨t es-
sentiell. Fu¨r das Untersuchungsgebiet stehen Niederschlagsdaten von ca. 20 Messein-
richtungen fu¨r den Zeitraum von 1961 bis 2005 zur Verfu¨gung. Die Daten werden auf
ja¨hrliche Zyklen ausgewertet; außerdem werden Korrelationen zwischen verschiedenen
Niederschlagsmessstationen bestimmt um die Verteilung und externe Einflussgro¨ßen des
Niederschlags zu bestimmen.
Das Untersuchungsgebiet erstreckt sich u¨ber mehrere klimatische Zonen. Im Su¨den herrscht
ein subhumides Klima wa¨hrend im Norden semiarides Klima vorherrschend ist. Damit ein-
hergehend zeigen die Niederschlagsdaten einen bimodalen Jahresgang des Niederschlags
im Su¨den der Richtung Norden in einen unimodalen Jahresgang u¨bergeht. Die Nieder-
schlagssummen weisen außerdem in u¨bereinstimmung mit anderen Studien einen ab-
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nehmenden Trend Richtung Norden des Einzugsgebiets auf. Als Ergebnis der Korrelation-
suntersuchungen la¨sst sich festhalten, dass der Niederschlag hauptsa¨chlich von der Entfer-
nung zur Ku¨ste und nicht von der Gela¨ndeho¨he abha¨ngig ist. Diese Erkenntnisse ko¨nnen
fu¨r die ra¨umliche Interpolation (Kriging) von Monats- oder Jahressummen des Nieder-
schlags als Trend (external drift) verwendet werden.
Um die zuku¨nftige Entwicklung der Wasserressourcen zu modellieren wird in der vor-
liegenden Arbeit das Modell HBV−IWS (Hydrologiska Byrans Vattenbalansavdelning) ver-
wendet. Die beno¨tigten Wetterdaten (Niederschlag und Temperatur) werden von den
meteorologischen Beho¨rden Ghanas und Burkina Fasos sowie dem Geoportal des Volta-
Einzugsgebiets zur Verfu¨gung gestellt. Das Modell wird an das Untersuchungsgebiet
von zwei unterschiedliche Flusspegeln angepasst um die Qualita¨t der Modellierung zu
beurteilen.
Fu¨r die Modellvalidierung werden verschiedene Optimierungsverfahren angewendet:
Nash-Sutcliffe (NS), logarithmischer Nash-Sutcliffe (LogNS), Nash-Sutcliffe mit Bias-
Nebenbedingung (NS-Bias) und Kling-Gupta (KG). Mit hilfe der computergestu¨tzten ro-
busten Parameterscha¨tzung (ROPE) werden die 10.000 besten Parametersa¨tze innerhalb
vorgegebenen obereb und unteren Grenzen generiert und kalibriert. Das Modell zeigt einen
guten durchschnittlichen NS Koeffizient von 0,75 fu¨r die Kalibrierung und von 0,6 fu¨r die
Validierung. Die Modellqualita¨t verbesserte sich wenn bei der Kalibrierungden niedrigen
Abflu¨sse mehr Gewichung gegeben wurde.
Die Robustheit und Stabilita¨t des HBV-Niederschlag-Abfluss-Modell wurde unter Ver-
wendung von verschiedenen Kalibrierungs- und Validierungstechniken bewertet. Die
Aufteilung der Datenin trockene und feuchte Jahre und die Verwendung dieser Teilmengen
jeweils zur Kalibrierung und zur Validierung zeigt, dass das Modell gut auf verschiedene
Eingangsgro¨ßen reagiert. Um die Effizienz des Modells u¨ber den Residualabfluss zu bestim-
men wird der mittlere ja¨hrliche Abflusse vom modellierten sowie vom beobachteten Abfluss
abgezogen auch diese Ergebnisse sprechen fu¨r die Gu¨te des Modells.
Klimamodelle (General Circulation Models, GCMs) und Regionale Klimamodelle (RCMs)
sind Instrumente, um das Klima der Gegenwart zu simulieren und das Klima der Zukunft
vorhersagen. Die GCMs sind numerisch gro¨ber aufgelo¨st und werden fu¨r Simulatio-
nen auf globalem Maßstab verwendet wa¨hrend RCMs fu¨r Modelle auf regionalem oder
lokalem Maßstab verwendet werden. In dieser Arbeit werden GCM/RCM Klimadaten
aus dem Coordinated Regional Downscaling Experiment (CORDEX) und der regionalen
Klimaabteilung des Instituts fu¨r Meteorologie und Klimaforschung am Karlsruher Institut
fu¨r Technologie (IMK-IFU) verwendet um zu bestimmen, welches Klima in Westafrika in
der Zukunft vorherrschen wird. Außerdem werden sechs verschiedene GCMs verwendet
(CanESM2M, EC-EARTH, ECHAM6, HadGEM, GFDL und Miroc). Das regionale atmo-
spha¨rische Klimamodell des Rossby Zentrum (RCA4) und das Modell Weather Research
and Forecasting (WRF) werden als RCMs fu¨r die Daten von CORDEX und IMK-IFU ver-
wendet. Die Auswertung findet jeweils fu¨r die Daten von CORDEX und IMK-IFU statt auf
einer ta¨glichen zeitlichen Auflo¨sung und einer ra¨umlichen Auflo¨sung von 50 km und 12
km.
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Die GCM/RCM Klimasimulationen zeigen systematische Fehler. Diese werden unter Ver-
wendung einer lineare Skalierung und anschließendem Quantile Mapping Bias-korrigiert.
Im Allgemeinen sind die von diesem Korrekturverfahren erzeugten Daten realistischer als
die unkorrigierten. a¨hnliche Klimatrends ko¨nnen aber sowohl in den originalen als auch in
den Bias-korrigierten Simulationen beobachtet werden. Es zeigt sich, dass sich durch den
Klimawandel in Zukunft auch die Niederschlags- und Temperaturverteilungen in West-
afrika a¨ndern werden. Alle GCMs/RCMs prognostizieren einen Temperaturanstieg von
etwa +1◦C bis +2◦C. Beim Niederschlag ist das Bild uneinheitlich. Manche Modelle prog-
nostizieren einen leichten Anstieg, andere eine Abnahme der Niederschla¨ge in der Zukunft.
Die Kernuntersuchung der vorliegenden Arbeit, die Auswirkungen des vera¨nderten Klimas
auf die Hydrologie der Region zu bestimmen, basiert auf der Kombination der robusten und
validierten HBV Modellen mit den unkorrigierte und korrigierte Klimasimulationen als Ein-
gangsdaten. Es zeigt sich, dass vier von den fu¨nf GCM Modellen zu sinkenden Abflu¨ssen
fu¨hren, und nur eins zu leicht steigenden Abflu¨ssen fu¨hrt. Mit korrigierten GCMs/RCMs
zeigt sich der gleiche Trend wie mit den unkorrigierten Eingangs Daten. Es kann jedoch
festgehalten werden, dass mit Bias-korrigierten Eingangsdaten klarere Ergebnisse erzielt
werden.
Es kann also der Schluss gezogen werden, dass sich der Klimawandel negativ auf die Hy-
drologie des Volta-Einzugsgebietes auswirken ko¨nnte. Der Abfluss ko¨nnte sich prinzip-
iell reduzieren was dazu fu¨hren wu¨rde, dass viele Flu¨sse im Einzugsgebiet in den meis-
ten Monaten des Jahres trocken fallen wu¨rden. Allerdings basieren die Ergebnisse nur auf
einem einzelnen Klimaszenario (rcp45) und sollten deswegen mit Vorsicht verwendet wer-
den.
Die Abnahme der Abflu¨sse, die in Zukunft als Folge des Klimawandels auftreten ko¨nnen,
ko¨nnten die Wasserressourcen der Region allgemein beeinflussen und sich dadurch auch
auf das sozioo¨konomische Wohlergehen der Menschen in der Region auswirken. Als
Beispiel sei eine sinkende Stromerzeugung aus Wasserkraft genannt, welche die wichtigste
Stromquelle der Regiond darstellt. Die Menschen, die in der Region leben, sind vor allem
Landwirte, die die knappen Wasserressourcen nutzen, um ihre Felder zu bewa¨ssern und
damit von ihnen abha¨ngen um ihren Lebensunterhalt zu erwirtschaften. Zusa¨tzlich wa¨chst
die Bevo¨lkerung mit einer Wachstumsrate von etwa 2,5% pro Jahr, was zu einer zusa¨tzliche
Belastung fu¨r die Wasserressourcen fu¨hrt.
Um den oben genannten Herausforderungen und Probleme zu begegnen sollten un-
verzu¨glich angemessene Anpassungs- und Klimaschutzmaßnahmen umgesetzt werden, die
die Auswirkungen dieser Vera¨nderungen fu¨r die Menschen und die Wirtschaft der Region
als Ganzes verbessern.

1 Introduction
Undoubtedly, climate changes (cc) affect the hydrology and water resources of a region and
therefore a deep understanding of the effects of it on the hydrology of an area is much
needed. Water is life and the economy of many countries including the West African sub-
region depends directly or indirectly on the water availability.
Moreover, a strong interconnection between the climate and the hydrological cycle exists.
According to Speth et al. [2010], evidence shows that many natural systems are affected by
Global Change, among which the hydrological system is predominately influenced.
The Intergovernmental Panel on Climate Change (IPCC) 2013 report states “Changes in the
global water cycle in response to the warming over the 21st century will not be uniform. The
contrast in precipitation between wet and dry regions and between wet and dry seasons will
increase, although there may be regional exceptions” [Stocker et al., 2013].
And,
“Extreme precipitation events over most of the mid-latitude land masses and over wet trop-
ical regions will very likely become more intense and more frequent by the end of this cen-
tury, as global mean surface temperature increases” [Stocker et al., 2013].
1.1 Motivation
West Africa is a fast developing sub-region within the African continent with its challenges
on water availability and variability. Hydropower is the main source of electricity in the
sub-region and farming is the major occupation or source of income to the population of
the sub-region. Surface water is also the main source of water supply for the region. On
several occasions, Volta river authority (the operator) of the major hydropower in the sub-
region (Volta River Authority) has to shut down most of their turbines because of low levels
of water in the reservoir and many cities in the sub-region has to undergo what is termed
“power rationing” which is a very unpleasant experience for both the Governments and
the citizenry. In recent times, farmers have to lose their planting seeds, crops and harvest
because of the delay in the onset of the rainy season and a prolonged dry period. Any
changes in the climate and the hydrology of the region tremendously affect both the people
and the economy of the sub-region as a whole.
Moreover, the Volta basin is the major water resource in the sub-region. And it is shared by
several other countries in the region, namely Mali, Burkina Faso, Ghana, Ivory Coast, Togo
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and Benin and for that matter any use of the basin upstream affects the other riparian coun-
tries downstream. This results in an increasing competing demand of this scarce resource in
the sub-region.
The sub-region with its countries been in the lower to middle income economies have
very scarce meteorological and hydrological data and because of that a scientifically proven
model to be able to predict the future situations would be a great tool for the management of
the water resources in the this region. Understanding the phenomenon of climate changes
and its impact on the meteorology, the hydrology and the water resources of the sub-region
may be very instrumental in helping policy makers and water resource managers to make
important decisions on investment, development and management. A typical example is
the Bui hydropower which was constructed in 2008 in the southern part of the Black Volta
basin. Although it was planned to produce about 440 MW of power but currently producing
just about one-third of its capacity, because of low levels of water in the dam.
1.2 Aims and Objectives
The aim of this study is to investigate climate changes in the West Africa sub-region and to
ascertain its effects on the hydrology and water resources of the sub-region. And to achieve
the above aim, the following research objectives were set:
• Review and discussion of the current knowledge on the impact of climate changes on
the hydrology of the sub-region.
• Analysis of observed (measured) precipitation, temperature as well as river discharge
time series.
• The setting up, calibration and validation of a hydrological model to investigate water
balance situations for a catchment in the sub-region.
• Investigation of possible climate changes in the sub-region and downscaled to the
study area.
• And finally, investigation of the effects of the changed climate on the hydrology of the
sub-region.
1.3 Innovation
The study performed the following innovative works:
• Determining what influences precipitation in the sub-region and the information used
as the external drift in the geostatistical interpolation of rainfall in a huge catchment
with an extremely coarse observational data.
• A simple, but effective and not data demanding lumped conceptual hydrological
model applied to a poorly gauged basin.
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• Various latest GCM driving models with longer time spans are used in conjunction
with the HBV model to predict the effects of climate change on hydrology.
1.4 Methodology
The following methodologies were used to accomplish the above objectives and innova-
tions:
1. Climate data of regional climate models (RCMs) with different GCM driving models
was obtained from the Regional Climate Division of Institute of Meteorology and Cli-
mate research at Karlsruhe Institute of Technology (IMK−IFU) and the Coordinated
Regional Climate Downscaling Experiment (CORDEX). This data was used to deter-
mine possible climate changes in the sub-region.
2. The biases in the RCM simulations was then corrected using quantile−quantile map-
ping and linear scaling methods.
3. The outputs generated from the regional climate model (i.e., rainfall and temperature)
was used as input to a hydrological model (HBV) which was setup, calibrated and
validated with observed climate and hydrological data.
4. Finally, the effects of climate change on the hydrology of the sub-region was deter-
mined.
1.5 Structure of the Thesis
This thesis is structured in the following way: In Chapter 2, there is the description of
the study area and a review of the current literature on the title of the thesis. Chapter 3
elaborates and discusses the observed climate and hydrological data for the study area.
Rainfall−runoff modeling is discussed in Chapter 4 and the results of that presented. In
Chapter 5, simulated RCM climate data from six (6) different GCM driving models are an-
alyzed and presented. It is then followed by the results of the the effects of climate change
on the hydrology of the sub-region which is presented in Chapter 6. The thesis then closes
in Chapter 7 with a summary and conclusion of the study.
2 Study Area Description and Literature
Review
2.1 A brief description of the study area
The study area is the Black Volta Basin in Western Africa and has a total catchment area of
about 155,000 km2 (figure 2.1) and is shared by four other West African countries. The por-
tion of the basin lying within the boundaries of Ghana is approximately 28,000 km2 (23%).
The Black Volta River is the main river in the catchment which empties into the Volta Lake
(which is one of the largest artificial lakes in the world). The Black Volta basin is about
one-third of the entire Volta basin, which comprises the White, Black and Lower Voltas and
the Oti subcatchment (figure 2.2). The major water resources usage in the catchment area
includes hydropower, small scale irrigation and domestic water supply. The catchment lies
in a data scarce environment. The main tributaries of the Black Volta river are Bougouriba,
Gbongbo, Grand Bale, Voun Hou, Sourou, Wenare, Bambassou, Bondami, Tain and Poni
rivers.
The basin can be found approximately between latitudes 7◦ N to 15◦ N and 5◦30′W to 1◦
W. According to Shahin [2006], the Black Volta River used to join the White Volta River
at the south-eastern part of Ghana but after the creation of the Volta Dam, the Black and
White Voltas do not join each other anymore, instead each river enters the lake through
a separate channel. The head water source of the Black Volta is in the Banfora Cliffs in
Burkina Faso. The river then traverses on the left bank side of the Sourou (a north-south
depression). Below the depression, the flow of the river is generally, in a southerly direction
with a number of meanders in its course Shahin [2006].
Since the 1960s, tropical West Africa has suffered from declining rainfall and that several
drought periods occurred in the early 1970s and in the first half of the 1980s [Speth et al.,
2010]. According to Speth et al. [2010], there have been a decrease in the availability of fresh
water in the sub-region and this has been compounded by a growing population of about
2.32% p.a., compared to a worldwide increase of 1.24% p.a. between 2000 and 2005. In
Africa, the spatial and temporal variability of water resources is very high and it is linked
directly to climate variability and population density [Speth et al., 2010].
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Figure 2.1: The Black Volta Basin with its riparian countries (Insert: Black Volta Basin show-
ing digital elevation map and the rainfall gauge stations).
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Figure 2.2: The Black Volta catchment (green) inside the Volta Basin
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2.2 Climate
The climate of the study area (figure 2.3) ranges from a semi-arid in the northern part to
a sub-humid in the southern part. The Sahel zone, which is in the region north of about
12.5◦N, has a semi-arid climate. The Soudanian zone, between about 9 and 12.5◦N, is sub-
humid and parts of the Guinean Coast are humid [Speth et al., 2010]. The climatic pattern
is fairly uniform in the northern part. The convergence of the monsoon and north-east air
masses, locally known as Harmattan, is very important to explain the climate of the sub-
region as a whole. From January to March (as seen in figure 2.4) is when the sub-region
lies entirely on the path of the Harmattan air masses, the weather is dry and warm during
the day and cool at night. The climatic condition however changes in June up to September
when the weather is characterized by thunderstorms and heavy precipitation. By August,
almost the whole of the catchment is covered under the monsoon air mass and most of the
area including the northern part of the Black Volta basin has the maximum of their rainfall.
Speth et al. [2010] indicates that, as a consequence of the movement of the International-
Tropical Convergence Zone (ITCZ), the Sahel and most parts of the Soudanian zone have a
unimodal rainfall season that peaks in August whereas the Guinean coast shows a bimodal
rainfall season with peaks in June and October. The second rainy season is less pronounced.
Two regimes of wet and dry seasons, occasioned by the northward and southward move-
ment of the ITCZ as seen in figure 2.4, constitute the major climatic markers. This has created
a remarkably clear south-north divide of climatic and vegetation zones that in turn have
had significant influence on human activities, these being mainly agriculture. According to
Amissah [1969] , changes in the climate of the sub-region, especially in that of Volta Basin
are associated with the movement of the inter-Tropical boundary variation in the moisture
content of the air masses, wind patterns and their frequencies.
Ferguson [1985] indicated that, the lowland climates of West Africa are characterized by
uniformly high sunshine and high temperatures throughout the year; mean annual temper-
atures are usually above 18◦C. Areas within 10◦ of the equator have a mean annual tem-
perature of about 26◦C with a range of 1.7◦C to 2.8◦C; the diurnal range is 5.6◦C to 8.3◦C.
Between latitudes 10◦N and the southern part of the Sahara mean monthly temperatures
can rise to 30◦C, but the annual range is 9◦C and diurnal range 14◦ to 17◦C. In the central
Sahara temperatures in the shade in July may be as high as 58◦C during the day and as low
as 4◦C at night; mean annual temperature ranges from 10◦ to 35◦C. The skies in the higher
latitudes in inland areas are usually cloudless as compared to areas close to the coast where
skies are cloudier and night temperatures are higher [Ferguson, 1985].
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Figure 2.3: The aridity and climatic zones of the African Continent (The red box roughly
indicates the study area). Source: World Meteorological Organization (WMO)
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Figure 2.4: The movements of the ITCZ showing the wet and dry seasons of the West-Africa
sub-region (The red box roughly shows the study area). Source: World Meteoro-
logical Organization (WMO)
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2.3 Soils
According to Dewitte et al. [2013], the continent of Africa contains all but one of the world
reference base (WRB) soil groups and illustrates great soil diversity. They also added that
it is important to notice that over 60% of the soil types represent hot, arid or immature soil
assemblages: Arenosols (22%), Leptosols (17%), Cambisols (11%), Calcisols (6%), Regosols
(2%) and Solonchaks/Solonetz (2%). A further 20% or so are soils of a tropical or subtropical
character: Ferralsols (10%), Plinthosols (5%), Lixisols (4%) and Nitisols (2%). A considerable
area (6%) is occupied by a further 16 reference groups that cover an area of less than 1%
of the African land mass. This fact illustrates that a considerable number of soil types are
associated with local soil-forming factors such as volcanic activity, accumulations of gypsum
or silica, waterlogging, etc. What is interesting is that unlike the other continents and that
Africa does not exhibit large expanses of prairie or steppe-type soils (i.e. Kastanozems,
Chernozems and Phaeozems) [Dewitte et al., 2013].
Soil data of Africa was downloaded from the European soil data centre and the data on
the study area was clipped using ArcGIS. The clipped-map was modified in ArcGIS to ob-
tain a raster image with 1km resolution (figure 2.5). This product was mapped with the
harmonized world map from Food and Agriculture Organization (FAO) to obtain the prop-
erties and characteristics of the soil (i.e. soil texture, reference depth, available water storage
capacity, soil drainage, etc). Figure 2.5 shows that, the type of soils in the basin includes
the Planosols (0.2%), Plinthosols (46%), Regosols (3.7%), Luvisols (14%), Leptosols (3.4%),
Lixisols (10.2%), Cambisols (6%), Nitosols (1.5%), Acrisols (1%), Fluvisols (1%).
Nachtergaele and Batjes [2012] have developed procedures for the estimation of Available
Water Capacity in mm/m (AWC) in soils. In the catchment, 58% of the soils have AWCs of
150mm/m, 19% have AWC of 100mm/m, and 15% of the soils have AWC between 100 to
50 mm/m. From the guidelines to estimation of drainage classes based on soil type, texture,
soil phase and a reference flat terrain (i.e., 0.0 to 0.5% slope), the drainage of the soils ranges
from “moderately wel” to a “poor” drainage.
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Figure 2.5: Soil map of the Black Volta Basin (Adapted from the European Soil Data Centre)
2.4 Geology
A Precambrian platform and a sedimentary layer are the dominant geological systems of the
basin. Although it covers a large area in the Ghanaian part, is of minor importance for the
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basin as a whole [Jung, 2006]. A study by Kortatsi [1997] on the Geology and underground
water in the Volta Basin reveals that the Black Volta basin consists of mainly granitoids com-
prising of the Cape Coast and Dixcove granites, the Birimian and Voltaian systems and a
little bit of the Tarkwaian system. He did also indicates that the Cape Coast Granite covers
about 20 percent of the Black Volta Basin. The geographical coordinates of this formation
stretches from latitude 9◦ N to 11◦ N and longitude 2◦ 25′W to 4◦ 40′ W [Kortatsi, 1997].
This type of geological formation is made up of well foliated, medium grained potash-
rich muscovite-biotite granite, granodiorites, pegmatites, porphyroblastic-biotite gneiss and
aplites. This parcel of land has many enclaves of schists and gneisses [Kortatsi, 1997].
Another geological characteristic of the Black Volta Basin is the Dixcove Granite that forms
about 15 percent of the Basin. This stretches from latitude 8◦N to 10◦ 31′ N and longitudes
2◦ W to 2◦ 50′W and is made up of soda-rich hornblende biotite granite, granodionites grad-
ing locally into quartz-diorite and hornblende-diorite. It forms non-foliated discordant to
a semi-discordant bodies in the Upper Birimian metavolcanics rock which it is in contact
with [Kortatsi, 1997]. Another geological formation known as the Granite undifferentiated
that forms about 5 percent of the Basin and consists of rock is made up of Cape Coast and
Dixcove-Granite [Kortatsi, 1997].
There is also Birimian Systems that is made up of Upper and Lower Birimian. The former
is originated from volcanic and formed about 10 percent of the rock in the area, while the
latter originates from pelitic and consists of great thickness of alternating shales, phyllites,
greywacke and argillaceous beds with some tuffs and lavas. It covers about 20 percent of the
basin. The Tarkwaian formation is also identified by Kortatsi [1997] as important geological
formation of the Black Volta Basin. However, this is insignificant because it covers about 2
percent of the Basin around the South, West-North and East direction from Bepoasi across
the Black Volta at Bui. Finally, the Voltaian Rocks system forms 33 percent of the Black
Volta Basin and occurs in the South Eastern part of the basin and between latitudes 7◦ 31′
N to 9◦5′ N and longitudes 1◦ 5′ W to 2◦ 10′ W. This geological formation is flat-lying late
precambrian to paleozoic sandstones, shales, mudstone, pebbly beds and conglomerates
with subordinate limestones attaining a total thickness of 150m [Kortatsi, 1997].
2.5 Vegetation and Land Use
Land cover/use data for the year 2000 which was derived from Landsat ETM+ and MODIS
for the Volta basin was downloaded from the Volta Basin geoportal and a shape file of the
Black Volta catchment was used to clip the area of interest with the help of ArcGIS in a
resolution of 1km. The data had been aggregated to 10 classes and it is shown in Figure
2.6. From the map, about 44% of the land cover was Regularly flooded-woody-closed to
open, followed by grassland which has 25% cover, cropland has 18% cover, Forest had just
5% cover and the rest are wetland (4%), Urban area (0.2%). The data shows that the yearly
Land cover changes for this catchment are not significant. Figure 2.7 shows the Normalized
Difference Vegetation Index (NDVI) for the catchment with higher NDVI values (0.52) in
the southern part which indicates high presence of vegetation towards the southern part of
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Figure 2.6: Landcover map of the the Black Volta Basin for the year 2000
the catchment and lower NDVIs (0.18) which shows desert areas at the northern part of the
catchment. The sub-region has vegetation which grades with increasing latitude from the
equatorial evergreen forest (in the southwest) to semi-deciduous tropical forest in the north
of the forest zone, and through the forest Savannah transition zone to interior Savannah. It is
within the interior Savannah zone that the Black Volta basin lies. The long dry (harmattan)
season is the greatest climatic influence on the vegetation in the interior Savannah zone. The
arboreal vegetation of this zone is typically composed of short branches of trees many less
than twenty meters high, which do not usually form a close canopy and are often widely
scattered [Agorsah, 2003]. The ground flora consists of an apparently continuous layer of
grass, some species of which reach height of about five meters [Agorsah, 2003].
Agorsah [2003] emphasized that the interior Savannah vegetation zone is characterized by
short grasses with the tussock grasses predominant in most palaces. When the grasses die
off above the ground during the dry season, it is highly flammable. Annual bush fires, which
sweep through the area, have given rise to trees that are fire resistant or fire-hardy and often
characterized by thick barks and ability to reproduce from dormant buds [Agorsah, 2003].
After the fire has burnt through the area (December to March), and before rains begin, most
of the trees in this zone form new leaves and some trees flower.
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Figure 2.7: The NDVI map of the Black Volta Catchment for the year 2000
2.6 Topography and Relief
In knowing the terrain of the study area, a 30 arc second (approximately 1 km at the equator)
digital elevation map (DEM) for the African continent was obtained from the USGS earth
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explorer database. And once again the area of interest which is the Black Volta basin was
clipped using ArcGIS with the help of a shape file of the catchment.
From the DEM map (Figure 2.8), the elevation ranges from 82 m to 887 m a.m.s.l. with
the higher elevations around the western part of the catchment. The northern part of the
catchment is almost flat with low elevations and slopes towards the central part where the
Black Volta River is located. There is considerable variation in local relief of the Black Volta
basin. The northern areas range between 300 m to 700 m above sea level and the southern
sector are covered with water bodies or with height ranging from 0 to150 m above sea level.
The Basin is gently undulating from the north to the south. Most part of the Black Volta basin
falls under the savanna zone which is undulating with gentle slopes that promotes overland
flow. Over the years, over grazing, bad methods of farming, and bush fires have combined
negative effects on degradation of the vegetation that create large tracts of bare land which
become highly susceptible to accelerated erosion. The low relief is also a cause for the poor
surface drainage with a consequent flooding which characterize the desertification-prone
areas during the rainy season.
Figure 2.8: Digital elevation map of the Black Volta Basin
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2.7 The climate trend in the West Africa sub-region
In addressing the issue of changing water availability in the Volta Basin, climate trends of
temperature, precipitation and river discharge were analyzed by Neumann et al. [2007]. In
their study, they showed that temperature time series showed dominantly positive signifi-
cant trends and the conclusion was that there was an increase in temperature in the Volta
Basin. In their study, the time series of precipitation showed both monthly negative and
positive trends with only a few of them been significant. The significant trends were neg-
ative. However, they could not conclude a general trend towards decreasing precipitation
in the Volta Basin. River discharge time series showed more negative significant trends for
the dry season and more positive significant trends for the rainy season, leading to the con-
clusion that the rivers in the Volta Basin show a reduction trend of the discharge in the dry
season and an increase in the rainy season. Moreover, they stated that the decrease in river
discharge in the dry season cannot be directly connected to a decrease in precipitation and
that it is more likely due to anthropogenic influences [Neumann et al., 2007].
It is important to note that Neumann et al. [2007] used annual and in some cases the monthly
time series of the climate variables for their analysis and that the number of stations used
in their analysis for this huge catchment (area: 400,000 square kilometers) was small. At
the end, Neumann et al. [2007] deduced a clear climate change signal for the Volta Basin in
general for temperature and it was in agreement with the general global signal. Again, the
conclusion of a weak decrease of precipitation variability was drawn [Neumann et al., 2007].
Again, Kunstmann and Jung [2005] performed statistical analysis on the observed precipi-
tation, temperature and river discharge time series to determine climatic trends within the
Burkinabe part of the Volta Basin. In their work, they used annual and monthly means of
temperature, precipitation and river discharge which were computed from daily observa-
tion data. Before the analysis, they in-filled gaps in temperature and river discharge time
series but did not fill gaps in precipitation time series. In their trend analysis, only time se-
ries containing at least 25 years of usable data were included. The following results emerged
from their study.
• There was a predominately positive trend of temperature time series with most of
the trends statistically significant and therefore concluded that temperatures in the
Burkina Faso are likely to be increasing [Kunstmann and Jung, 2005]
• Similar to the study conducted by Neumann et al. [2007], both negative and positive
trends were shown in the precipitation time series with relatively few trends been sig-
nificant which were all negative, with few exceptions. They stated that, the annual
precipitation sums and monthly means all showed significant negative trends. How-
ever, they could not conclude that a clear trend towards decreasing precipitation is
observed in Burkina Faso because only a small number of trends among those exam-
ined were statistically significant [Kunstmann and Jung, 2005].
• One could see negative trends in the discharge time series for the dry season and pos-
itive trends for the rainy season. The conclusion was that, the rivers in Burkina Faso
trend towards a reduction of discharge in the dry season. The rainy season trends were
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positive but no firm conclusion could be drawn as only a few trends were statistically
significant [Kunstmann and Jung, 2005].
Furthermore, trends and variability analysis of hydroclimatology of the Volta Basin in West
Africa from 1901 to 2002 which was performed by Oguntunde et al. [2006] revealed that
the decadal average of rainfall showed that the wettest decade of the 20th century was the
1950s whereas the driest decade was 1980s. They also reported that rainfall variability index
showed that 1968 was the wettest year while 1983 was the driest with the last three decades
being drier than any other comparable period in the hydrological history of the Volta Basin.
The monthly PET peaked in March, the hottest month in the region and the lowest value
(average = 95 mm/month) was in August, the most humid month of the Basin. And that on
the average maximum monthly rainfall was in August whereas the minimum was recorded
in January. The river discharge has the lowest value of the three series and the discharge
lagged precipitation by two months and remains very low for about 7 out of the 12 months
of the year [Oguntunde et al., 2006].
Opoku-Ankomah and Amisigo [1998] analyzed the recent 40 years of rainfall and runoff
records from the southwestern part of Ghana (part of Volta Basin) and showed that there
is significant reduction in rainfall and runoff in the region, which have been linked to the
influence of climate change. Studies by Lebel and Ali [2009] shows rain recovery in the
eastern parts of West Africa and drought conditions in the western regions. There is a strong
fluctuations in river discharge with a generally negative trend from 1960 to 2010 especially
in Sudanian areas due to the variations in rainfall [Mahe et al., 2013].
Mahe et al. [2013] underscored the nonlinear effect of this rainfall decrease over much of
West Africa, with a−20% decrease in rainfall resulting in a decrease of−60% in runoff. Sev-
eral studies, for example, in Le Barbe´ et al. [2002] reveals that there is a decreasing rainfall
amounts and increasing temperatures in West Africa over the past few decades. Nicholson
[2000] reported a striking decrease in annual rainfall in the Sahel region of West Africa with
a decrease of about 20 to 40% from 1931−60 to 1968−97 ([Nicholson, 2000]). It is rather inter-
esting to know that, these trends do not match observed global results, which rather show
an increase in precipitation over land areas (even though not strictly significant) [Solomon,
2007].
2.8 Review of hydrological modeling in West Africa
The application and advancement of rainfall-runoff models is limited in the lower latitudes
like Western Africa due to the facts that these models were developed for the temperate con-
ditions and moreover there is insufficient data availability. Nevertheless, after the review of
some literature, I found some studies already done on the application of hydrological mod-
eling in the sub-region. For example Niel et al. [2003] applied a lumped hydrological model
to 17 west and central African catchments to study parameter stability related to climate
change studies. Their study revealed that nonstationarity in rainfall or runoff series does
not imply non-stability of the model parameters. Andersen et al. [2001] successfully applied
and validated the physically− based−distributed MIKE SHE model to the large Senegal
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River basin. Moreover, a study performed by Paturel et al. [2003] using a semi-distributed
empirical model showed reasonable results for rainfall-runoff modeling for different West
African catchments. The results of Dezetter et al. [2008] demonstrated that the choice of soil
datasets shows the highest sensitivity of the model, but no single data-model combination
yielded the best results for all catchments under consideration. In their study, they used 49
West African catchments to investigate the effects of using different hydrological modeling
approaches and input grids on the simulation of runoff. A good performance of monthly
streamflow prediction was demonstrated by Amisigo et al. [2008] when he used a statistical
model (NARMAX) for several subcatchments of the Volta Basin. Jung [2006] used a joint
dynamical downscaling-hydrological modeling in her PhD work for climate impact studies
for a basin in this region. Her study and the results is reported and discussed in a latter
section of this chapter.
Wagner [2008], used the joint meteorological model (MM5) and WaSiM in his research for
hydrological simulations in the White Volta Basin in West Africa and the results show a good
performance for 2004 and a weaker one for 2005 due to precipitation overestimations. The
results also showed that the performances of the hydrological simulations using the scaled
TRMM product 3B42 were good. He also concluded that using station data as meteorologi-
cal data source leads to a good and often best model efficiencies. Shaibu et al. [2012] used a
simplified runoff model for the Black Volta Basin using an adjusted monthly TRMM input
data and the results were encouraging.
From the review of literature, it was realized that so far the conceptual HBV hydrological
model has only once been applied in a West Africa catchment by Go¨tzinger [2007] during
his PhD research. Although the physically based hydrological model WaSiM had been ex-
tensively applied in the sub-region [Jung et al., 2012; Jung, 2006; Wagner, 2008; Kasei, 2010].
In the study of Go¨tzinger [2007], the modified distributed HBV was applied in the Oue´me´
basin in Benin (West Africa). The results was that, the total simulated discharge matches the
scale and variability of the observations sufficiently well for water resources management
planning and that the general seasonal behavior but not all observed flood peaks could be
reproduced. At the outlet of the catchment, at gauge Bonou (51,543 square kilometers) the
Nash-Sutcliffe model efficiency for daily discharge was 0.77 for calibration. The water bal-
ance of the whole Oue´me´ catchment could be reproduced with satisfactory accuracy con-
sidering the available data and their uncertainties. The average Nash-Sutcliffe coefficient
of all sub-basins in the catchment for the validation period was 0.50 [Go¨tzinger, 2007]. He
revealed in the Oue´me´ basin that the model efficiencies themselves are acceptable but the
variability of the discharge was not modelled well from an operational perspective. And
that the model was not able to simulate all additional short-term fluctuations and the full
extent of the dry season. This is one of the shortcomings that my research tried to over-
come by looking at how well the hydrological model reacts to signals and seasonality and
how steady the model might be by employing various techniques and methods for calibra-
tion and validation. He further stated that the modified HBV model was suitable for global
change impact studies [Go¨tzinger, 2007].
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Jung [2006]; Jung and Kunstmann [2007]; Jung et al. [2012], used the mesoscale meteorologi-
cal model MM5 to dynamically downscale the global ECHAM4 GCM data (scenario: IS92a)
for two 10-years time slices (1991 to 2000) and (2030 to 2039) down to a resolution of 9 km
and coupled it one-way to the physically based distributed hydrological model WaSiM in
a resolution of 1km. Their studies revealed that the simulated temperature change clearly
shows an increase of around 1.2 to 1.3◦C with a high signal to noise ratio. However, pre-
cipitation change signal was largely not significant and lies within inter-annual variability.
But in some cases the rainfall change signal was larger than inter-annual variability and
therefore could indicate climate change [Jung, 2006]. The annual rainfall change showed
a highly spatial heterogeneous trend in the future ranging from -20% to +50% (mean an-
nual change) [Jung, 2006]. The non-linearity of the precipitation change signal in this region
shows the complexity of the monsoonal system of West Africa which might be due to the
lack of the influence of land-surface changes in the climate simulations. Because of this,
more studies need to be done using current climate models and tools to properly predict the
precipitation change signal in the West Africa sub-region. Jung [2006] discovered no major
changes for the de Martonne aridtity index and a changed in evapotranspiration could only
be explained by rainfall and temperature changes. A delay in the onset of the rainy season
for this sub-region could also be noticed from the studies of Jung [2006]; Kunstmann and
Jung [2005]. Similar results are described in Biasutti et al. [2009]; Patricola and Cook [2011].
The simulated change in mean monthly temperature is between 1◦c and 3◦C [Kunstmann
and Jung, 2005]. They predicted a heterogeneous pattern of precipitation change ranging
between -20% to +20% throughout the Volta Basin in West Africa. The change in monthly
evapotranspiration ranged between -10% to +20% in this sub-region when ECHAM4 model
was used for a regional downscaling experiment for time slices 1991 to 2000 and 2030 to
2039 [Kunstmann and Jung, 2005].
All Climate models agree on a projection of warming in West Africa even though its magni-
tude ranges from +2 to +6◦C in 2100 [Christensen and Christensen]. However, these models
do not agree on the sign of the future evolution of precipitation. Whiles almost half of the
models predict an increase in rainfall, the other half predicts a decrease [Vigaud et al., 2011;
Berg et al., 2013]. There is considerable uncertainty in relation to largescale precipitation
changes simulated by GCMs for Africa [Joubert and Hewitson, 1997; Feddema, 1999].
A study was also done by McCartney et al. [2012], who used the A1B scenario in conjunction
with the regional climate model COSMOCLM to determine climate projections for the Volta
Basin for the period 1983 to 2100. It was observed in their study that, there will also be an
increase in the annual average temperature of up to 3.6◦C and a decrease in annual average
rainfall of approximately 20% by the end of the twenty-first century across the basin.
Furthermore, Ibrahim et al. [2014] performed a similar study in determining the variability
of the rainfall regime over Burkina Faso under the climate change condition using the A1B
scenario for the reference period of 1971 to 2000 and the projected period of 2021 to 2050.
Ibrahim et al. [2014] used five different RCMs for his analysis. Their results showed that two
models CCLM and RCA, project a significant decrease in annual rainfall while HadRM3P
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and RACMO project a significant increase in annual rainfall for the period 2021 to 2050 and
REMO model produced no significant change in the pattern of the annual rainfall amount
between the two periods. This result was similar to that of Paeth et al. [2011], which indi-
cates that there is no agreement for nine different RCMs in terms of the future precipitation
changes in Western and tropical Africa. From nine RCMs, three models projected a wetter
climate; three models also predicted negative trends and the other three showed a more
mixed signal [Paeth et al., 2011]. The ENSEMBLES RCMs altogether shows a prevailing
drying tendency in sub-Saharan Africa [Paeth et al., 2011]. Paeth et al. [2011] stated that,
“Statistical post-processing of simulated precipitation is a promising tool to reduce system-
atic model errors before application in impact studies”. The IPCC (2007) document also
reports of a positive, negative and no significant model spread of rainfall trends from global
GCM projections over Africa.
Nikulin et al. [2012] performed a study of precipitation climatology in an ensemble of
CORDEX-Africa regional climate simulations. Their studies summaries that the main de-
tails of the precipitation climatology over Africa is captured by the RCMs, although sub-
stantial biases depending on region, season and evaluation metric exists from individual
models. The multimodel ensemble mean generally outperforms individual RCMs in terms
of the annual cycle and the first CORDEX evaluation over Africa was overall encouraging.
Lastly, in the studies of Laprise et al. [2013] as part of their contribution to the CORDEX
project. They analyzed the performance of the fifth-generation Canadian Regional Climate
Model (CRCM5) in simulating current climate for the twenty-first century over Africa when
driven by two different coupled GCMs (CanESM2 and MPI-ESM-LR) under the RCP4.5
emission scenario. From their results, there was the projection that the African continent will
become progressively warmer towards the end of the twenty-first century from all the mod-
els. The simulated annual cycles in current and future climate showed no major changes,
although there were some differences. The simulated diurnal cycle and daily precipitation
intensity distributions also showed no significant changes in the projections by all of the
models compared to the current climate [Laprise et al., 2013].
2.10 A review of the effects of climate change on the hydrology
of West Africa
Precipitation and temperature variables are an integral part of the hydrological cycle. There-
fore, any changes that occur in the climate might also affect the hydrological regime and that
there is a direct connection between the climate and the hydrology of an area. West Africa
is a fast developing sub-region of the African continent which depends largely on surface
waters for its hydropower generation. Rain-fed agriculture is also the main source of oc-
cupation and livelihood for the population of the sub-region. From the above reasons, any
slight changes in the hydrology of the basins in the sub-region will significantly affect the
citizens and the economy of the area. The domestic water supply in West Africa is also been
threatened because of change in rainfall patterns and the drying up of some of the major
rivers. Although, population increases, pollution and land use changes could be factors for
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these problems but one cannot rule out the adverse effects of climate change on the hydrol-
ogy and water resources.
Jung [2006]; Jung and Kunstmann [2007]; Kunstmann and Jung [2005]; Jung et al. [2012]
used a coupled climate-hydrology simulations to assess the effects of climate change on the
hydrology of the Volta basin in Western Africa. The results showed a very heterogeneous
response of river runoff to changes in climate variables. Their work showed that, there was
no major change for the mean runoff regime of the future as compared with the current sim-
ulation. There was a slight increase in the simulated discharge due to an increase in rainfall.
Most of the surplus rainfall evaporates due to an increase in temperature which leads to an
increase in potential evapotranspiration [Kunstmann and Jung, 2005]. Kunstmann and Jung
[2005] predicted an overall increase in total surface runoff of 18% for the decade 2020 to 2030
for the Volta basin in West Africa and a nonlinear response of surface runoff to precipitation.
Roudier et al. [2014] summarized the current state of knowledge on potential future stream-
flow evolutions in view of global warming in West Africa by creating a quantitative database
of 301 points of information on the impact of climate change on runoff in the region. Their
results showed no clear general pattern of future runoff evolution in this area. The median
of the distribution was 0% with a mean of +5.2%, after considering different time horizons,
different rivers, scenarios and models (see figure 2.9). Correlation analysis they performed
revealed that runoff changes are tightly linked to changes in rainfall (R =0.49).
Figure 2.9: Runoff change (x axis, %) in West Africa based on all cases in the database (i.e.,
including different time period, rivers and models). The blue dashed line repre-
sents the median of the distribution; the red one is the mean. Focussed here only
on the impact of climate change: this is the only changing parameter (no water
use or land use change) Source: [Roudier et al., 2014]
However, Kankam-Yeboah et al. [2013] in their research rather projected a significant de-
crease in the projected mean annual streamflow for the future years 2020 and 2050 for the
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White Volta and Pra Basins (all in Ghana). Similar results of a downward trend of stream-
flow in the future for the West Africa sub-region were obtained by McCartney et al. [2012];
Giertz et al. [2010]. Go¨tzinger [2007] also showed similar results of a considerably reduced
discharge, especially in the rainy season due to a reduced precipitation and increased tem-
perature for two different climate scenarios which were simulated for a basin in Benin (West
Africa) in comparison to a simulated historical period (see figure 2.10). In order to improve
the acceptance of these results by the society and stakeholders, Go¨tzinger [2007] recom-
mended the continual update of the results with new models and scenarios.
Figure 2.10: Monthly mean discharge at Bonou (Benin) simulated with HBV, climate sce-
narios A2 (2000 to 2030) and B2 (2000 to 2030) compared to a reference period.
Source: [Go¨tzinger, 2007]
3 Analysis of Observed Climate and
Hydrological Data
3.1 Introduction
Western Africa been is a developing sub-region and lacks a dense network of both meteo-
rological and hydrological data for analysis. The region is a data sparse environment. One
could also notice a lot of gaps in the observed data. Satellite data (e.g. TRMM) also has its
own peculiar challenges of under/overestimation of daily and monthly rainfall values for
this area [Wagner, 2008; Nicholson et al., 2003]. Nonetheless, these challenges should not
hinder a scientific research in the area. Meteorological and hydrological data sets were ob-
tained from the Volta Basin Geoportal, Meteorological agencies of both Ghana and Burkina
Faso and from the Hydrological Services Department of Ghana. A generic analysis per-
formed on the main variables of meteorological and hydrological data time series produced
the following results which were in consonant with previous studies and literature.
3.2 Precipitation
A total of 20 observed precipitation stations in and around the study area were used for the
analysis. The duration of these time series is from 1961 to 2005 (45 years) with a daily tempo-
ral resolution. Out of this time series the annual rainfall cycles, what influences rainfall in the
catchment and spatial interpolation using Kriging were performed. Some of the gauge sta-
tions were located in Ghana and the rest were in Burkina Faso and Ivory Coast. The names
of the stations are Bechem, Sunyani, Berekum, Wenchi, Kintampo, Bui, Bole, Batie, Gaoua,
Babile, Lawra, Baguera, Banfora Agri, Bob-Dioulasso, Diebougou, Dano, Boura, Boromo,
Bagassi and Bomborokuy (see figure 3.1).
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Figure 3.1: A DEM map of the catchment showing the locations of the 20 rainfall gauge
stations (blue dot)
3.2.1 Annual cycle of rainfall
The mean daily rainfall values were calculated for the 45 years period for each station. Then
a 10-day moving-weighting function was applied to smoothen the daily rainfall values and
to remove the noises in the data. We could then have an annual cycle of rainfall for each
gauge station.
From the results, there was a clear bi-modal rainfall cycle in the south of the catchment with
rainfall seasons from April to July then September to October. And a uni-modal cycle in
the north of the catchment with rainfall season from June to September. There is a negative
gradient in rainfall as one move from the south to the north of the catchment. For a station
in the north, the month of August has the highest amount of rainfall whiles January is the
driest month in the year. A station in the south has the first rainfall season peaking in
May/June whiles the second season peaks in September/October and the driest month is
January (figure 3.2). The average daily rainfal was 9 mm for a station in the north and 7 mm
for a station in the south. In the northern part of the sub-region, one could get on the average
only four (4) months of rain in a year whiles there is about six (6) to seven (7) months of rain
in a year in the southern part. And probably this could explain why there is more farming
activities in the southern part of the catchment as compared to the north since the farming
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in these areas are rain-fed.
Figure 3.2: Left: annual rainfall cycle for a station in the north. Right: annual rainfall cycle
for a station in the south
3.2.2 What influences rainfall in the catchment
In determining what influences rainfall in the catchment, a correlation matrix was calculated
for the daily, monthly and seasonal amounts of rainfall against the northings, eastings and
the elevations of rainfall stations. A histogram is then plotted for the number of months
against the northings, eastings and elevations of the stations and the graphs are as shown in
figures 3.3, 3.4 and 3.5. The graph of the station northings has the highest number of months
that has higher correlations (although a negative correlation i.e. - 0.8, - 0.6). The eastings of
the stations also have a positive correlation for higher number of months (0.4 and 0.6). In
the graph of the station elevations the majority of the months have a weak correlation. The
results of the daily and seasons behaved the same way.
It could therefore be concluded that the distances of the rain gauges from the coast (i.e.
station northing’s) rather has the strongest influence on rainfall in the catchment and that the
correlation is negative which means that generally the amount of rainfall decreases as you
move away from the coast. This knowledge was used during the interpolation of climate
variables using external drift Kriging (EDK). The topography (elevations) of this sub-region
doesn’t influence the rainfall in the area. The type of rainfall experienced here is mainly
convective rainfall and not orographic.
3.2.3 Rainfall correlation between pairs of stations
The Euclidean distance between station pairs were calculated and after that, a correlation
matrix of rainfall against distances was evaluated. A graph is plotted to show how the
correlation changes with distances. The correlation of rainfall between pair of stations was
done to know the reliability of the station data. From the graph it could be seen that there is a
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Figure 3.3: Correlation of northings of stations against monthly rainfalls
Figure 3.4: Correlation of eastings of stations against monthly rainfalls
strong correlation (R= 0.5) between rainfall and pair of stations and the correlation decreases
as the distance between the pairs increase (figure 3.6). Similar results were seen when the
data was split into wet and dry periods. About 90% of the gauge stations have distances
between them ranging from 5 to 100 km.
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Figure 3.5: Correlation of elevations of stations against monthly rainfalls
Figure 3.6: Correlation of rainfall between pairs of stations
3.2.4 Interpolation of mean monthly rainfall
Interpolation of mean monthly rainfall for the catchment was done on a 10 km x10 km grid
spatial resolution using kriging .
Kriging is a geostatistical tool which uses a variogram function (i.e. the variance between
pairs of points that lie at different distances apart) in the estimation of parameter values
(precipitation/temperature) at unsampled locations, and/or the estimation of the average of
the parameter over a certain area. In the application of the kriging method, the assumptions
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of second order stationarity of the random function Z(u) which consists of the following
two conditions are made [Ba´rdossy, 2013]:
• The expected value of the random function Z(u) is constant all over the domain D:
E[Z(u)] = m for all u ∈ D (3.1)
• The covariance of two random variables corresponding to two locations depends only
on the vector h separating these two points:
E[(Z(u+ h)−m)(Z(u)−m)] = C(h) for any u, u+ h ∈ D (3.2)
C(h) is the covariance function. In kriging one requires an experimental variogram for the
estimation of the spatial variability of the variable. The experimental variogram is defined
as:
γ(h) =
1
2N(h)
N(h)∑
i=1
[Z(ui)− Z(ui + h)]2 (3.3)
The experimental variogram is fitted with a theoretical function to enable us estimate the
variogram for any distance h. There exists several theoretical variograms which includes,
the nugget, spherical, exponential and Gaussian theoretical variograms (equations 3.4 to
3.7). According to Cressie [2015], the nugget model is combined with another variogram to
describe the microscale variation in the vicinity of its origin. In this study, the combination
of the nugget and the spherical, the nugget and exponential, the nugget and the Gaussian
models are used.
The pure nugget effect:
γ(h) =
{
0 if h = 0
C if h > 0
(3.4)
The spherical variogram:
γ(h) =
{
γ(h) = C(32
h
a − 12 h
3
a3
) if h ≤ a
C if h > a
(3.5)
The exponential variogram:
γ(h) = C(1− e−ha ) (3.6)
The gaussian variogram:
γ(h) = C(1− e−h
2
a2 ) (3.7)
where C is the sill and a is the range. Precipitation values at unsampled locations Z∗(u)
can be estimated using the the variogram results and Ordinary Kriging (OK) . OK uses
weighted linear combinations of n neighbouring observations Z(ui) for the estimation at
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unknown locations. λj are called the kriging weights. By introducing a Lagrange multiplier
µ, the weights that minimize the σ2(u) are the solution of :
n∑
j=1
λjγ(ui − uj) + µ = γ(ui − u0), i = 1, 2, ..., n
n∑
j=1
λj = 1
(3.8)
Equation 3.8 is called the kriging equation system.
External drift kriging (EDK) [Ahmed and De Marsily, 1987] was also applied apart from
OK. In EDK, external knowledge is included in the system as external drift. In this case, it is
supposed that an additional variable Y (u) exists and is linearly related to Z(u) . Here, the
estimator thus depends on the additional variable Y (u). The secondary information Y (u)
has to be available at high spatial resolution. The linear kriging system with one external
drift is:
n∑
j=1
λjγ(ui − uj) + µ1 + µ2Y (ui) = γ(ui − u0), i = 1, 2, ..., n
n∑
j=1
λj = 1
n∑
j=1
λjY (uj) = Y (u0)
(3.9)
where µ1 and µ2 are Lagrange-multipliers.
In this study, OK and EDK were used to interpolate the mean monthly rainfalls on the 10km
x10km grid size. For EDK, distance to sea information (i.e. station northings) is used as the
external drift. Maps of mean monthly and mean annual rainfall were then produced. Fig-
ures 3.7, 3.8 and 3.9 show the EDK interpolated mean monthly rainfall maps for the rainfall
months (June, July, August, September and October) and a dry month (November). In the
month of June the southern part of the catchment experiences its rainfall (i.e. the monsoon
rain). The rainfall band shits towards the middle and upper parts of the catchment in the
months of July and August and again moves back to the south for the second rainy season
in the months of September and October. Figure 3.10, shows the interpolated mean annual
rainfall which was expressed in daily amounts by dividing the annual amounts by 365. In
this graph, the clear south−north negative gradient of rainfall could be seen. The southern
part experiences more rainfall and humidity than the northern part of the catchment, which
brings about the sub−humid to semi−arid climate of the catchment. Expectedly, interpola-
tion using EDK performed better than the OK(not shown).
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Figure 3.7: Mean daily rainfall amounts in (mm) for the months of June (left) and July (right)
for the period 1961−2005
Figure 3.8: Mean daily rainfall amounts in (mm) for the months of August (left) and Septem-
ber (right) for the period 1961−2005
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Figure 3.9: Mean daily rainfall amounts in (mm) for the months of October(left) and Novem-
ber (right) for the period 1961−2005
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Figure 3.10: Interpolated mean annual rainfall expressed in daily amounts (mm)
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3.3 Temperature
A brief analysis was performed on the temperature time series. The stations measuring
temperature were fewer than the rainfall gauges in the catchment and there were eleven (11)
temperature stations in the catchment (see figure 3.11) with daily resolution for the period
1961 to 2005. The annual cycles of temperature, mean daily temperature and temperature
ranges for the study area was estimated. The temperature data was obtained from the Volta
basin geoportal and the Meteorological agencies in Ghana and Burkina Faso. The gaps in the
data were not filled. The mean maximum temperature for the north is about 34◦C and for
Figure 3.11: A map of the catchment showing the temperature stations
the south is about 29◦C (as seen in figure 3.12). Overall, there is a small temperature range
of about 7◦C across the year and the mean annual temperature ranges from 24◦C to 34◦C
across the catchment. The temperature values begins to decrease as the rainfall sets during
the rainfall seasons and there is also a decrease in the daily temperature in the months of
December and January due to the Harmattan winds from the Sahara desert. There is a
positive temperature gradient as you move towards the northern part of the catchment. The
temperature range in the south is smaller as compared with a station in the north.
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Figure 3.12: Annual temperature cycle for a station in the north (right) and a station in the
south (left) of the catchment
3.4 Discharge
For the discharge time series, the annual cycles, annual sums and monthly means were
determined. It was observed that, the discharge begins to increase when the rain starts to
set in. Data from four (4) discharge stations namely, Chache, Lawra, Bui and Bamboi with
daily resolution for the period 1961 to 2005 were used (see figure 3.13). All these gauges are
located on the Black Volta River which flows to the Volta Lake. The mean maximum daily
discharge for gauge station Lawra with an area of about 92,877 km2 is 300 m3/s whiles that
of station Chache with a size of 111,258 km2 is about 600m3/s (figure 3.14). The discharge
begins to rise in the month of May then peaks in August/September. It then subsides from
October when the rains have stopped until the next rainy season in April.
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Figure 3.13: Discharge stations on the Black Volta River of the catchment
Figure 3.14: Annual discharge cycles for two different stations in the catchment
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3.5 Potential Evapotranspiration
Potential evapotranspiration (PET) is a climate variable, which is not ease to measure on
the field. Therefore, some equations and models have been developed to estimate it. The
models range from the Hargreaves [1974]; Thornthwaite [1948]; Penman [1948]. Most of
these models are site specific and are complex and require data which may not be available.
Models that are easier to use are too general and produce highly variable results and the too
complex are the ones that are considered to be more accurate [McCabe Jr, 1989]. The Thorn-
thwaite potential evapotranspiration (PE) model is a temperature-based model which can
essentially be used for any location because it only needs measurements of air temperature
as inputs [Thornthwaite, 1948; Mather, 1954]. On a monthly and seasonal basis, the model
has been found to produce reasonable estimates of PE [Penman, 1956; Bailey and Johnson,
1972; Garnier, 1956; Cohen, 1986]. PE is defined as the water loss from a large, homoge-
neous, vegetation-covered area which never suffers from a lack of water [Thornthwaite,
1948; Mather, 1954]. The equation of the Thornthwaite model is:
PE = 1.6[10T/I]a (3.10)
where PE is unadjusted potential evapotranspiration in cm/month, T is the mean monthly
temperature in ◦C, I is the annual heat index for a location, and a is a constant. I is based on
the sum of 12 monthly heat index values iwhich are calculated using the following equation:
i = (T/5)1.514 (3.11)
where T is the mean monthly temperature in degrees Celsius. a is based on the annual heat
index and is determined by:
a = (0.000000675 ∗ I3)− (0.0000771 ∗ I2) + (0.0179 ∗ I) + 0.49 (3.12)
Unadjusted PE represents water loss for a 30-day month with daylight periods of 12 hours.
Unadjusted PE is multiplied by a correction factor to account for how the actual day and
month length differ from these values [McCabe Jr, 1989]. It is very difficult to model actual
evapotranspiration (ET) since it involves a lot of interrelated components of the environ-
ment. Thornthwaite [1948] stated that, there has not yet been an instrument perfected to
measure the water movement from the earth to the atmosphere, and consequently we know
next to nothing about the distribution of evapotranspiration in space and time [Thornth-
waite, 1948]. Thus, models have been developed as surrogates for actual evapotranspiration.
Generally, temperature is not a good indicator of available energy for evapotranspiration
and this is the main drawback of the Thornwaite model since it is based solely on temper-
ature [Pelton et al., 1960; Rosenberg et al., 1983]. The best indicator of available energy for
evapotranspiration is the net radiation. Moreover, the relatively high need for specific data
for a variety of variables (i.e. relative humidity, wind speed, solar radiation, etc.) is the ma-
jor drawback of the Penman-Monteith equation. These parameters are reliably measured by
a small number of meteorological stations around the globe, and are especially not available
in developing countries [Droogers and Allen, 2002].
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In this study, long-term mean monthly PET was estimated using the Thornthwaite approach
with temperature as the only input. Again, PET datasets were obtained from the GeoPortal
of the Consortium for Spatial Information (CSI) which is an initiative of the Consultative
Group for International Agriculture Research (CGIAR) (http://www.csi.cgiar.org) for com-
parisons. The Global-PET datasets are provided in standard ESRI grid geospatial format,
at 30 arc seconds or 1km at the equator [Trabucco and Zomer, 2009; Trabucco et al., 2008].
According to Trabucco and Zomer [2009]; Trabucco et al. [2008], the available data from
the WorldClim Global Climate Data were used as the input data in modelling the Global-
Aridity and Global-PET. The Hargreaves model is the most suitable to model PET globally
[Trabucco and Zomer, 2009]; therefore it was used to model PET in the Global-PET dataset.
This model performed almost as well as the Penman-Monteith, but required less parame-
terization, with significantly reduced sensitivity to error in climatic inputs [Hargreaves and
Allen, 2003]. The equation used by Hargreaves to calculate PET is:
PET = 0.0023 ∗RA ∗ (Tmean + 17.8) ∗ TD ∗ 0.5(mm/day) (3.13)
where, Tmean is the mean monthly temperature, TD is the mean monthly temperature
range, and RA is the mean monthly extra-terrestrial radiation. This formula was used by
Trabucco and Zomer [2009] to estimate the average monthly and annual PET (mm) layers at
spatial resolution of 1km at the tropics for the 1959 to 2000 period. This data was obtained
from the CGIAR-CSI Geoportal and then processed in ArcGIS to clip the catchment area to
find the average monthly and annual PET (mm) for the study area (as seen in Figure 3.15).
Because of the high values of temperature and for that matter energy in the northern part
of the catchment, there are higher values of PET (approx. 2087mm) as compared with the
southern part (approx. 1571mm). The annual PET pattern in the catchment is similar to that
of the temperature. The monthly mean potential evapotranspiration (PET) for the study area
using the Thornthwaite method and data from the Global-PET were calculated (see figure
3.16). The results show a slight difference between the two methods with March been the
month with the highest PET (approx. 190 mm) and August the least PET (approx. 140 mm)
according to the Global-PET (Hargreaves method). In March, the dry period reaches its peak
and there are high temperatures resulting in higher PET. And in August, there is less energy
due to low temperatures resulting into low values of PET. The daily mean PET ranges from
4 to 7 mm.
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Figure 3.15: Mean annual PET (mm) for the Black Volta basin. Primary souce: Global-PET
geoportal)
Figure 3.16: Up: Mean monthly PET calculated using the Thornthwaite method and the data
from Global-PET; Down: Mean daily PET estimated from the Global-PET
4 Hydrological Modeling
4.1 Introduction
The most probable model that hydrologists spontaneously refer to when discussing hydro-
logical models are runoff models. The basic principle in hydrological modeling is that the
model is used to calculate river flow based on meteorological data, which are available in
a catchment or in its vicinity. According to Beven [2011], the main reason why we need to
model the rainfall-runoff processes of hydrology is the result of the limitations of hydrolog-
ical measurement techniques. We are not able to measure all the things we would like to
know about hydrological systems and that there is limited range of measurements in space
and time. “We therefore need a means of extrapolating from those available measurements
in both space and time, particularly to ungauged catchments (where measurements are not
available) and into the future (where measurements are not possible) to assess the likely
impact of future hydrological change” [Beven, 2011].
The types of hydrological models range from the empirical (e.g. Regression models) to the
conceptual (e.g. HBV, HYMOD) and physically based models (e.g. TOPMODEL). The em-
pirical models are purely based on analyzing observed input and output data (e.g. rainfall,
discharge). Their advantages are that, they are simple in structure and parameter estimation
and include empirical knowledge. The conceptual model has a conceptual description of im-
portant processes and that the model variable and parameters have an abstract meaning. It
has the advantages of a simple processes description, a good performance especially at large
scales and low amount of input data and number of parameters. The physically based model
has its process description based on first principles and its parameters and state variables
may be directly measured in the field. It has the merits of an advanced process description,
good performance especially at small scales and a low number of calibration parameters.
In selecting the appropriate hydrological model for this study, the following criteria were
considered:
• Because of the large size of the catchment and the coarse network of available data
for the catchment, the chosen model should not be complex and data intensive. The
requirement of data should be met by the available observations and measurements
within the study area.
• There should not be too many parameters in the model structure.
• The structure of the model should describe and represent the most important runoff
generating processes in a scientifically reasonable way.
• The model should be applicable to the study area.
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As an investigation into the water balance situations in the catchment and based on the
above criteria, the HBV model [Bergstro¨m, 1995] which is a lumped conceptual hydrological
model was chosen for this study area. The model was set up, calibrated and validated for
two different time spans and sub-catchment sizes.
4.2 HBV − Hydrological Model
The model was originally developed at the Swedish Meteorological and Hydrological In-
stitute (SMHI) and was first applied in the early 1970s [Bergstro¨m and Forsman, 1973].
There have been some modifications to the model over time, but the philosophy behind
the model has been unchanged [Lindstro¨m et al., 1997]. This model has been extensively
applied in Europe and Go¨tzinger [2007] also applied it in the Oueme Basin in Benin (West
Africa). Slight modifications have been made to the original model by the Institute for Mod-
elling Hydraulic and Environmental Systems (University of Stuttgart) and it is referred to
as HBV−IWS model. In this study, the lumped version of the HBV−IWS model was used.
The model consists essentially of four parts:
• Snow accumulation and melt
• Soil moisture and runoff generation
• Runoff concentration within the subcatchment and
• Flood routing in the river network
Because the study area is in the tropics, there is no precipitation as snow therefore the snow
accumulation and melt module in the model was taken out.
4.2.1 Soil moisture accounting
The soil moisture accounting routine calculates the proportion of rainfall that reaches the
soil surface that produces runoff. This is related to the soil moisture deficit and is calculated
as:
∆Q/∆P = (SM/FC)β (4.1)
where,
∆Q is the contribution of the zone to runoff [mm]
∆P rainfall or snowmelt [mm]
SM actual soil moisture [mm]
FC maximum storage capacity of the soil [mm]
β a model parameter
The remaining part of the rainfall is added to the soil moisture until the storage capacity of
the soil (FC) is reached.
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4.2.2 Evapotranspiration
The evapotranspiration in each month is computed by using the long term mean monthly
evapotranspiration. The daily mean air temperature is used to adjust the daily values of
potential evapotranspiration according to the relation:
PEA = (1 + CET (T − TM ))PEM (4.2)
where,
PEA adjusted potential evapotranspiration [mm/day]
PEM long term mean evapotranspiration for a given month [mm/day]
TM long term mean monthly air temperature [◦C]
T mean daily air temperature [◦C]
CET model parameter [◦C−1]
The actual evapotranspiration is calculated as:
EA =
{
PEA if SMCMAX ≥ η
min
(
SM
η.CMAXPEA, SM
)
else
(4.3)
where,
EA actual evapotranspiration from the soil zone [mm]
PEA potential evapotranspiration from the soil zone
SM actual soil moisture [mm]
CMAX limiting soil moisture at which potential evapotranspiration takes place
[mm]
η water balance parameter
The relationship between potential and actual evapotranspiration can differ strongly due to
water or energy limitations. Therefore, the parameter η is introduced to control the ratio
between daily potential and actual evapotranspiration depending on the available water
and depends on the long term water balance only. If there is enough water, you evaporate all
the potential evapotranspiration as actual else the potential evapotranspiration is reduced
by the factor
(
SM
η.CMAX
)
.
4.2.3 Runoff response process
The runoff response function is used to transform the runoff computed in the soil moisture
accounting to discharge at the outlet of the catchment. It controls the time distribution of
the generated runoff. The runoff response routine comprises of two conceptual reservoirs
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cascaded over one another. The upper reservoir consists of two outlets which are used
to conceptualize the direct runoff component from the upper soil zone and the inter-flow.
Soil water is percolated to the lower (second) reservoir. The lower reservoir is a linear one
whose outflow simulates the base flow component of the runoff. The response function is
governed by three recession coefficients (K0, K1 and K2), one percolation capacity (PERC),
one threshold water level (L1) and one parameter in the transformation function (MAXBAS):
altogether six empirical parameters [Hundecha and Ba´rdossy, 2004; Singh and Ba´rdossy,
2012]. The upper reservoir is fed by the excess water from the soil moisture accounting
routine and the flows at time step t from its two outlets are given by:
Q0(ti) = K0(S1 − L1) (4.4)
Q1(ti) = K1S1 (4.5)
where,
Q0(ti) is the outflow from the near surface of the upper reservoir [mm/day], Q1(ti) is out-
flow from the bottom outlet of the upper reservoir [mm/day], K0, K1 is recession coeffi-
cients of the near surface and inter flows respectively [day−1], S1 is effective depth of water
in the upper reservoir [mm] and L1 is the threshold water level for near surface flow [mm]
The lower reservoir is fed by a percolation rate controlled by a parameter PERC from the
upper reservoir. The outflow from the lower reservoir at time step ti is calculated as:
Q2(ti) = K2S2 (4.6)
where,
Q2(ti) is the outflow from the lower reservoir [mm/day], K2 is the recession coefficients of
the lower reservoir [day−1] and S2 is the depth of water in the lower reservoir [mm].
The total runoff Qg is computed as the sum of the outflows from the upper and the lower
reservoirs as:
Qg(ti) = Q0(ti) +Q1(ti) +Q2(ti) (4.7)
where,
Qg(ti) total generated runoff at the outlet of a catchment [mm/day].
A triangular transformation function whose base is defined by a parameter MAXBAS [days]
as shown in figure 4.1 is used to smooth the total runoff.
Q(ti) =
T∑
j=0
τ(j)Qg(ti−j) (4.8)
where,
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Figure 4.1: Smoothing of the generated runoff Qg to obtain Q. (source: [Hundecha and
Ba´rdossy, 2004])
Q(ti) is the final transformed total runoff at the outlet of the catchment [mm/day], τ(j) is the
weighting function at step jth time step and T is MAXBAS expressed as an integer multiple
of the time-step used for runoff computation.
Figure 4.2 shows a schematic representation of the HBV-IWS version. There are 9 parameters
to describe the model but because the snow accumulation and melt routine is taking out; it
was left with 7 parameters which were used for calibration in this research (table 4.1). Table
4.1 also shows the model parameter range used in the HBV model.
Table 4.1: Model parameter range for HBV model. Source: [Ba´rdossy and Singh, 2008] (max.
and min. values were slightly modified for the study area)
Parameter Description max min
FC Field capacity (mm) 600 50
BETA Shape coefficient 8 0.2
K0 Near surface flow storage constant 0.8 0.02
K1 Interflow storage constant 0.25 0.01
K2 Baseflow storage constant 0.1 0.001
KD Percolation storage constant 0.2 0.005
L1 Threshold water level for near surface flow (mm) 100 1
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Figure 4.2: Schematic representation of HBV−IWS model which is slightly modified for the
study area. Adapted from Hundecha and Ba´rdossy [2004]
4.3 Model performance measures
The performance of the model is determined by comparing simulated variables with ob-
servations. Different optimization functions ranging from Nash Sutcliffe coefficient (NS)
to the Nash Sutcliffe coefficient of the logarithm of the discharge (LogNS) which focuses
on the low flow condtions more than the traditional NS coefficient was used to determine
how well the model performs. To equally concentrate on high and low flows, a combina-
tion of NS and LogNS was also used as the performance measure. The Nash Sutcliffe with
a Bias constraint (NS−Bias) as proposed by Viney et al. [2009] and Correlation were also
used. In order to take care of the water balances, a calibration using an explicit considera-
tion of the correlation between the observed and simulated discharges which is similar to
the approach of Kling and Gutpta (KG) ([Gupta et al., 2009]) was used.The equations below
represent functions of the various performance measures used in the study. The best value
for all the performance criterion is unity (1).
NS = 1−
∑T
t=1(Qobs(t)−Qsim(t))2∑T
t=1(Qobs(t)− Q¯)2
(4.9)
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LogNS = 1−
∑T
t=1(ln(Qobs(t))− ln(Qsim(t)))2∑T
t=1(ln(Qobs(t))− ln(Q¯))2
(4.10)
NSBias = NS − 5 |ln(1 +Bias)|2.5 (4.11)
where the Bias is calculated as:
Bias =
∑T
t=1Qsim(t)−
∑T
t=1Qobs(t)∑T
t=1Qobs(t)
(4.12)
where,
Qobs(t) and Qsim(t) represents the observed and simulated discharges at times (t) respec-
tively and Q¯ is the mean of the observed discharge. ln is the natural logarithm.
The Kling-Gupta equation is expressed as:
KG = 1− (1− r)2 + α(VM − VO
VO
)2 (4.13)
where, r is the correlation between the observed discharge series and the one simulated with
the model using parameter vector for the catchment. VO is the observed total discharge and
VM is the one simulated with the model using parameter vector. α is the the weight of the
balance error (which in this study a value of 5 is used).
Overall, a model is said to be good when: (1). It reproduces observations and (2). It reacts to
signals in an appropriate manner. Some researchers only use the first point in assessing how
well their model performs without considering the second important point of the model
reacting to signals in an appropriate manner. In this study, we went further to ascertain
how well the model reacts to signals and how steady it is, by introducing the following
optimisation and calibration techniques:
1. Different objective functions were used for optimization. (e.g. NS, LogNS, Kling-
Gupta, NS with a bias constraint, a combination of NS and LogNS and Correlation)
2. Using different sub-catchments
3. Calibrating on daily temporal scale and checking performance on different scales (i.e.
daily, monthly and residual scales)
4. Calibration on different temporal scales (i.e. daily, monthly, residuals)
5. Swapping of data for calibration and validation
6. Calibrating on dry periods and validating on wet periods and vice versa
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4.4 Robust Parameter Estimation (ROPE)
The robust parameter estimation (ROPE) algorithm, is an automatic calibration algorithm
which generates best parameter sets based on a data depth function. According to Ba´rdossy
and Singh [2008], these parameter sets are in the interior of the data depth and are them-
selves good, transferable and not very sensitive. They can be considered as a kind of com-
promise solution [Ba´rdossy and Singh, 2008].
Ba´rdossy and Singh [2008] reveals in their work that, the following procedure is used for
modeling purposes in finding the set of good parameters and also the identification of the
deep parameter vectors for robust modeling:
1. The range for the d selected parameters are identified
2. N random parameter vectors forming the set XN are generated in the d dimensional
rectangle bounded by the limits defined in 1
3. The model performances are calculated after the hydrological model is run for each
parameter vector in XN
4. The subset X∗N of the best performing parameters is identified. This might be for
example the best 10% of XN
5. M random parameter sets forming the set YM are generated, such that for each param-
eter vector θ ∈ YM , D(θ) ≥ L(with L ≥ 1) where the depth is calculated with respect
to the set X∗N
6. The set YM is relabeled as XN and steps 3-6 are repeated until the performance corre-
sponding to XN and YM does not differ much or until the pre-determined number of
iterations is over.
Additional information about the ROPE algorithm can be found in Ba´rdossy and Singh
[2008]. In this study, 10,000 best parameter sets was generated and calibrated in a computer
framework using ROPE with the initially set model parameter ranges. The 90th quantile of
the band of simulated discharges for 10,000 best parameter sets are analyzed and discussed
in the subsequent section.
4.5 Results
4.5.1 Performance measures under different sub-catchments
Tables 4.2 and 4.3 summarizes the results of the model performance for two separate sub-
catchments (Lawra and Chache) all located in the study area. For subcatchment Lawra, the
period used for calibration was 1992 to 1996 whiles 1997 to 2001 was used for the validation
period. And for the subcatchment Chache, the periods 1996 to 2000 and 2001 to 2005 were
used as calibration and validation periods respectively. In both cases, the first year was used
as a warm-up period for the model.
4.5 Results 47
Table 4.2: Model performance for sub-catchment Lawra (size: 92,877 km2) for calibration
and validation
Performance
Measure
Calibration Validation
MIN MAX MEAN STD MIN MAX MEAN STD
NS - Bias 0.712 0.815 0.751 0.024 0.160 0.726 0.501 0.182
NS 0.712 0.815 0.750 0.022 0.219 0.731 0.566 0.148
LogNS 0.510 0.663 0.592 0.032 - - - -
(NS+LogNS)/2 0.580 0.685 0.629 0.021 0.418 0.593 0.485 0.038
(NS+3LogNS)/4 0.612 0.723 0.668 0.015 0.402 0.588 0.495 0.027
Correlation 0.847 0.924 0.874 0.014 0.810 0.910 0.850 0.023
Kling-Gupta 0.976 0.994 0.984 0.004 0.964 0.992 0.977 0.007
The model performs quite well using NS as objective function with a mean value of 0.75
and 0.57 for calibration and validation respectively. However, it performed not better when
using the Log NS or the addition of the two as the objective function. Moreover, using
NS−Bias as the objective function did not have a significant change on the performance of
the model. There was a slight improvement in the performance and better simulation of the
low flows when a higher weight was given to the LogNS during its combination with NS
(i.e. (NS + 3LogNS)/4).
The correlation and Kling Gupta values were all very high which justifies the notion that it is
not good enough to use only correlation to describe how good a model is. Figures 4.3 and 4.4
shows hydrographs for both the calibration and validation periods for gauge stations Lawra
and Chache respectively. In the hydrograph, it could be seen that the model overestimates
the peaks in both the calibration and validation periods. The model performs rather slightly
Figure 4.3: Hydrographs for sub-catchment Lawra showing both the calibration and valida-
tion periods
better when the sub-catchment size is increased as in the case of sub-catchment Chache
48 Hydrological Modeling
Table 4.3: Model performance for sub-catchment Chache (size: 111,258 km2) for calibration
and validation
Performance
Measure
Calibration Validation
MIN MAX MEAN STD MIN MAX MEAN STD
NS - Bias 0.694 0.880 0.796 0.037 0.486 0.733 0.603 0.048
NS 0.682 0.880 0.792 0.041 0.472 0.737 0.598 0.052
LogNS 0.694 0.835 0.765 0.027 0.566 0.784 0.648 0.047
(NS+LogNS)/2 0.697 0.829 0.772 0.028 0.534 0.713 0.610 0.034
(NS+3LogNS)/4 0.750 0.821 0.790 0.021 0.604 0.685 0.641 0.015
Correlation 0.856 0.941 0.913 0.020 0.753 0.878 0.826 0.028
Kling-Gupta 0.979 0.997 0.991 0.004 0.938 0.985 0.968 0.010
Figure 4.4: Hydrographs for sub-catchment Chache showing both the calibration and vali-
dation periods
(size: 111,258 km2). This might be due to the less availability of input data for the bigger
catchment. In the Chache sub-catchment, mean NS values are 0.80 and 0.60 for calibration
and validation respectively. The estimation of the peaks is better in this sub-catchment.
Again, there is not much difference in either using the Log NS or NS−Bias as the objective
function but there is an improvement in the performance when a bigger weight is given
to the LogNS in accounting for the low flows (figures 4.5 and 4.6). Better simulation of
the low flows is very important in this study because the key objective of the model is for
management of the water resources.
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Figure 4.5: Hydrograph for calibration of the model for gauge Chache using (NS +3LogNS)
as the objective function
4.5.2 Calibrating on daily temporal scale and checking performance on
different scales
To determine how robust the model is and how well it reacts to signals, it was calibrated
on the daily temporal scale and performances checked on the monthly and residuals or net
discharge (obtained by subtracting the annual cycle from the daily data). The model was
once again validated using different set of observed data.Table 4.4 and figures 4.7, 4.8 and
4.9 show the results for this case. In this case (NS+3LogNS)/4 was used as the objective
function during the optimisation. From the results, it could be observed that the model
performs better during calibration than the validation period. The model performed quite
well when the annual cycle was deducted from the data (i.e. residuals or the net discharge)
which signifies how the model reacts to signals. Obviously, the performance was improved
when it was checked on the monthly scale and the monthly residuals. Hence, it performs
well on different temporal scales and it’s able to capture both deficit and surplus water
volumes relative to the annual cycle.
4.5.3 Calibration on different temporal scales
In this case, calibration and validation was done for different temporal scales to determine
how well the model performs on different scales. The results for this case could be seen
in table 4.5 and figures 4.10 and 4.11. In this case, calibration was performed using both
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Figure 4.6: Hydrograph for validation of the model for gauge Chache using (NS +3LogNS)
as the objective function
(NS+3LogNS)/4 and NS as objective functions. The model performs very well during the
daily and monthly calibrations but loses some efficiency during the calibration on daily
and monthly residuals. Calibrating on monthly scale has very high performance which
makes the model suitable for water resource management. These performances exceed the
daily calibration and checking performance on different scales discussed under subsection .
Calibrating on monthly scale could reach a mean NS performance as high as 0.96 (see table
4.5.
4.5.4 Swapping of data for calibration and validation
The data used for calibration was swapped with that which was used for validation to again
check how the model performs under different conditions and times. Table 4.6 and figures
4.12 and 4.13 show the results for the gauge station Chache when calibration was done on
the daily and monthly scales respectively. It is interesting to know that the model performed
creditably well during both scenarios for both calibration and validation for the daily and
monthly scales. Almost the same performance (NS = 0.78) was realized for both swapped
calibration years (i.e. 1996 to 2000 and 2001 to 2005). Meaning that, it doesn’t matter which
5−year period used to calibrate the model the same performance results are obtained. The
5−year period (1996 to 2000) shows improved results for validation than the other period.
Also, in that year period the validation results were unexpectedly slightly higher than the
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Table 4.4: Calibration and validation results for Chache by calibrating on daily scale and
checking performances on other temporal scales with (NS +3LogNS) as the objec-
tive function
Temporal
Scales
Calibration (1996 - 2000) Validation (2001 - 2005)
MIN MAX MEAN MIN MAX MEAN
Daily 0.75 0.82 0.79 0.60 0.68 0.64
Daily Residual 0.17 0.52 0.35 0.11 0.40 0.26
Monthly 0.86 0.87 0.87 0.69 0.70 0.70
Monthly Residual 0.61 0.65 0.63 0.48 0.50 0.49
Figure 4.7: Hydrograph showing the model performance on the daily residuals after calibra-
tion on the daily scale
calibration results.
4.5.5 Calibrating on dry and validating on wet and vice versa
To investigate the transferability of the model to different years and catchment and to also
know how it reacts to rainfall signals, the split sampling was done. In the split sampling, the
data was split into two parts (namely the wet and dry years). A 3-year period was used for
both the calibration and validation with the first year been a warm-up period for the model.
Calibration of the model was done for wet years whiles validation was done for dry years
and vice and versa. The results of this could be seen in tables 4.7 and 4.8 and figures 4.14
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Figure 4.8: Hydrograph showing the model performance on the monthly simulations after
calibration on the daily scale
and 4.15. The results of the split sampling emphasizes that the model reacts well to signals
and it performs better in the wet conditions than the dry. The two subcatchments showed
very encouraging results especially for the wet calibrations and validations. But, in both the
dry calibration and wet validation, the model was slightly late and also overestimates the
peak discharges.
Table 4.5: Model performance on gauge Chache for calibration on different temporal scales
using (NS+3LogNS)/4 and NS as the performance measurement functions
Perf. measure:
(NS+3LogNS)/4
Calibration (1996 - 2000) Performance
measure: NS
Calibration (2001 - 2005)
MIN MAX MEAN MIN MAX MEAN
Daily 0.75 0.82 0.79 Daily 0.68 0.88 0.78
Monthly 0.87 0.93 0.90 Monthly 0.92 0.96 0.94
Daily Res. - - - Daily Res. 0.48 0.53 0.51
Monthly Res. - - - Monthly Res. 0.32 0.51 0.42
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Table 4.6: Model performance for gauge Chache for a swapped data for calibration and val-
idation period
Perf. measure:
(NS+3LogNS)/4
Calibration (1996 - 2000) Validation (2001 - 2005)
MIN MAX MEAN MIN MAX MEAN
Daily 0.75 0.82 0.79 0.60 0.68 0.64
Monthly 0.87 0.93 0.90 0.63 0.88 0.76
Perf. measure:
(NS+3LogNS)/4
Calibration (2001 - 2005) Validation (1996 - 2000)
MIN MAX MEAN MIN MAX MEAN
Daily 0.74 0.82 0.78 0.71 0.88 0.80
Monthly 0.61 0.89 0.75 0.73 0.93 0.83
Table 4.7: Model performance for Lawra on split sampling (calibration and validation)
Subcatchment Lawra
Calibration (Dry) Validation (Wet)
Perf. measure MIN MAX MEAN STD MIN MAX MEAN STD
NS 0.614 0.780 0.693 0.029 0.540 0.646 0.569 0.017
Correlation 0.819 0.936 0.849 0.022 0.737 0.808 0.761 0.013
Calibration (Wet) Validation (Dry)
Perf. measure MIN MAX MEAN STD MIN MAX MEAN STD
NS 0.709 0.849 0.760 0.028 0.282 0.588 0.491 0.060
Correlation 0.852 0.936 0.879 0.015 0.618 0.692 0.675 0.014
Table 4.8: Model performance for Chache on split sampling (calibration and validation)
Subcatchment Chache
Performance
Measure
Calibration (Dry) Validation (Wet)
MIN MAX MEAN STD MIN MAX MEAN STD
NS 0.737 0.867 0.792 0.020 0.522 0.806 0.703 0.083
Correlation 0.877 0.943 0.897 0.011 0.832 0.953 0.892 0.026
Performance
Measure
Calibration (Wet) Validation (Dry)
MIN MAX MEAN STD MIN MAX MEAN STD
NS 0.689 0.913 0.824 0.049 0.625 0.805 0.674 0.028
Correlation 0.848 0.967 0.926 0.029 0.864 0.924 0.888 0.011
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Figure 4.9: Hydrograph showing the model performance on the monthly residuals after cal-
ibration on the daily scale
4.5 Results 55
Figure 4.10: Hydrograph showing the model performance for gauge Chache when calibra-
tion was done on monthly scale
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Figure 4.11: Hydrograph showing the model performance for gauge Chache when calibra-
tion was done on daily residuals.
Figure 4.12: Hydrograph showing model performance for gauge Chache on daily tempo-
ral scale for swapped calibration and validation data: Left (calibration), Right
(Validation)
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Figure 4.13: Hydrograph showing model performance for gauge Chache on monthly tem-
poral scale for swapped calibration and validation data: Left (calibration), Right
(Validation)
Figure 4.14: Hydrographs of split sampling for sub-catchment Lawra showing both the cal-
ibration and validation periods
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Figure 4.15: Hydrographs of split sampling for sub-catchment Chache showing both the cal-
ibration and validation periods
5 Analysis of Climate Data from Regional
Climate Models (RCMs)
5.1 Introduction
The IPCC Climate Change 2013 report states that, “Warming of the climate system is un-
equivocal, and since the 1950s, many of the observed changes are unprecedented over
decades to millennia. The atmosphere and ocean have warmed, the amounts of snow and
ice have diminished, sea level has risen, and the concentrations of greenhouse gases have
increased” [Stocker et al., 2013]. Various studies and reports [Bardossy and Caspary, 1990;
Kunstmann and Jung, 2005; Jung and Kunstmann, 2007; Jung, 2006; Jung et al., 2012; Wag-
ner, 2008; Ba´rdossy and Pegram, 2012; Giertz et al., 2010; Roudier et al., 2014; Nikulin et al.,
2012; Christensen and Christensen; Stocker et al., 2013; Solomon, 2007] clearly indicate that,
climate change has been happening and will continue to happen in the future.
Climate change drivers are the natural and anthropogenic substances and processes that
alter the Earth’s energy budget. Radiative forcing (RF) is used to quantify the change in
energy fluxes. The largest contribution to total radiative forcing is caused by the increase in
the atmospheric concentration of CO2 [Stocker et al., 2013]. Climate models have improved
since the IPCC Assessment Report (AR)4 and that models can now reproduce observed
continental scale surface temperature patterns and trends over many decades [Stocker et al.,
2013]. Also, human influence on the climate system is evident.
According to Stocker et al. [2013], the global surface temperature change for the end of the
21st century is likely to exceed 1.5◦C relative to 1850 to 1900 for all Representative Concen-
tration Pathways (RCP) scenarios except RCP2.6.
5.2 Definition of some Terminologies
The following terms are frequently used in climate change studies.
Anthropogenic: Pollution or pollutants that come as a result of human activities.
Climate change: The Framework Convention on Climate Change (UNFCCC), in its Article
1, defines climate change as: “a change of climate which is attributed directly or indirectly
to human activity that alters the composition of the global atmosphere and which is in ad-
dition to natural climate variability observed over comparable time periods”.
Climate model: According to the IPCC Climate Change 2013 report, climate model is: “a nu-
merical representation of the climate system based on the physical, chemical and biological
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properties of its components, their interactions and feedback processes, and accounting for
some of its known properties”. The report further states that the current and most compre-
hensive model at the moment are Coupled Atmosphere−Ocean General Circulation Models
(AOGCMs).
Climate projection: A climate projection is defined in the IPCC Climate Change 2013 report
as: “the simulated response of the climate system to a scenario of future emission or concen-
tration of greenhouse gases and aerosols, generally derived using climate models”.
Downscaling: A method that obtains local− to regional scale (10 to 100 km) information
from larger-scale models or data analyses is called downscaling [Stocker et al., 2013] . There
exists dynamical and empirical/statistical downscaling. According to the IPCC Climate
Change 2013 report, “the dynamical method uses the output of regional climate models,
global models with variable spatial resolution or high-resolution global models and the em-
pirical/statistical methods develop statistical relationships that link the large-scale atmo-
spheric variables with local/ regional climate variables”.
Regional Climate Model (RCM): The IPCC Climate Change 2013 report defines RCM as a
climate model at higher resolution over a limited area and that such models are used in
downscaling global climate results over specific regional domains.
Representative Concentration Pathways (RCPs): According to Moss et al. [2010], RCPs are
“scenarios that include time series of emissions and concentrations of the full suite of green-
house gases and aerosols and chemically active gases, as well as land use/land cover” [Moss
et al., 2010].
At the moment, the IPCC 2013 report indicates the existence of four RCPs which were pro-
duced from the Integrated Assessment Models and are used for the climate predictions and
projections [Stocker et al., 2013] and they are shown in figure 5.1. RCP2.6 is a pathway where
radiative forcing peaks at approximately 3 W m−2 before 2100 and then declines. RCP4.5
and RCP6.0 are two intermediate stabilization pathways in which radiative forcing is stabi-
lized at approximately 4.5 W m−2 and 6.0 W m−2 after 2100. RCP8.5 is one high pathway
for which radiative forcing reaches greater than 8.5 W m−2 by 2100 and continues to rise for
some amount of time (the corresponding ECP assuming constant emissions after 2100 and
constant concentrations after 2250).
Figure 5.1 explains the relationship between the new RCPs and the IPCC’s Special Report
on Emission Scenarios (SRES)
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Figure 5.1: Relationship between the new RCPs and the IPCC’s Special Report on Emission
Scenarios (SRES) (credit: [Stocker et al., 2013]
5.3 Data
RCM data for the West Africa sub-region was obtained from CORDEX [Giorgi et al., 2009]
and the Regional Climate Division of the Institute of Meteorology and Climate research at
Karlsruhe Institute of Technology (IMK−IFU). Climate simulations from the RCA 4 dynam-
ical downscaling model from Swedish Meteorological and Hydrological Institute, Rossby
Centre (SMHI) using different driving models was obtained from one of the CORDEX nodes.
Precipitation and temperature variables were used for this analysis with a daily temporal
resolution and a 50 km spatial resolution. In the case of the RCM data from IMK−IFU,
the Weather Research and Forecasting (WRF) RCM model was used to downscale the Max
Planck Institute Earth System model (MPI−ESM) ECHAM6 GCM model to a spatial resolu-
tion of 12 km.
The data from IMK−IFU was pre-processed by aggregating the 3 hourly data to daily and
also converting the temperatures from Kelvin to degrees Celsius. The original data is in a
12 x 12 km spatial grid resolution in a netcdf file format where a simple computer program
was written in Python programming language to locate the nearest grid point to an existing
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gauge station. Both data consists of historical simulations of climate variables (precipitation
and temperature) from 1979−2005 and future simulations from 2019−2049 with the repre-
sentative concentrations pathway (RCP 4.5).
5.3.1 Climate data from IMK-IFU
The IMK−IFU is working in collaboration with the West African Science Service Center
on Climate Change and Adapted Land Use (WASCAL) which is funded by the German
Federal Ministry of Education and Research (BMBF). WASCAL is a large scale research-
focused Climate Service Center. It is designed to help solve the challenge of developing
effective adaptation and mitigation measures against a threatening climate change which is
happening in the West Africa sub-region. This is done by pooling scientific excellence of
West African researchers and linking in the expertise and the financial and computational
capabilities of Germany (www.wascal.org).
The simulations from WASCAL/IMK-IFU are based on the RCP4.5 emission scenario with
a grid spacing of 12 km and 3-hourly data for a large number of climate variables. The first
results from the WASCAL team show an increase in temperature of 2 to 2.5◦C in continental
West Africa [Heinzeller et al., 2014]. Precipitation simulations from the team shows an in-
crease in annual rainfall for the Coast of Guinea and the Soudan-Sahel until the end of the
21st century as compared with the 1980 - 2010 mean [Heinzeller et al., 2014].
5.3.2 Climate data from CORDEX
According to Giorgi et al. [2009], CORDEX is an initiative of the World Climate Research Pro-
gramme (WRCP) of the World Meteorological Organization (WMO). It was set up among
other mandates to develop a framework to evaluate and improve regional climate down-
scaling (RCD) techniques for use in downscaling global climate projections. It’s other man-
date is to foster an international coordinated effort to produce improved multi-model RCD-
based high resolution climate-change information over regions worldwide for input to im-
pact work and to the IPCC Fifth Assessment Report (AR5) [Giorgi et al., 2009]. According to
Giorgi et al. [2009], CORDEX was set up to bridge the spatial gap that exists between the cli-
mate information provided by AOGCMs and the input needed for impact assessment work.
It has five domains covering the entire African, Australian, South American, North Ameri-
can and European continents. Figure 5.2 shows a schematic representation of the first phase
CORDEX experiment set-up. CORDEX climate projection framework is based on the set of
new global model simulations of the IPCC Fifth Assessment Report (referred to as CMIP5)
[Taylor et al., 2009]. Africa was selected as the first target region in the CORDEX experiment
because of various reasons. And key among the reasons is that, Africa is very vulnerable
to climate change because of the dependence of vital sectors like (agriculture, water man-
agement, health) on climate variability and because of the relatively low adaptive capacity
of its economies [Giorgi et al., 2009]. Additional information on CORDEX could be seen in
[Giorgi et al., 2009].
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Figure 5.2: Schematic depiction of the first phase CORDEX experiment set-up (credit:
[Giorgi et al., 2009])
5.4 Results from the analysis of simulated climate data from
IMK-IFU/WASCAL for the West Africa Sub-region
It can clearly be seen from the cdf plots of the precipitation that there will be a decrease of
about 10% in the amount of rainfall in the future and also the number of dry-days in the
future will increase to about 7%. Therefore, a drier future is predicted. The results con-
firm current rainfall trend which shows a decrease in the rainfall amounts and drier climate
[Neumann et al., 2007; Opoku-Ankomah and Amisigo, 1998; Oguntunde et al., 2006; Kun-
stmann and Jung, 2005]. The duration of the rainy season shortens as one move towards
64 Analysis of Climate Data from Regional Climate Models (RCMs)
the northern part of the catchment. All the stations in the catchment show a slight decrease
in rainfall for the future and can therefore be concluded that, there would be drier climate
in the future. There is a mean daily rainfall of 4.85 mm for historical simulations as com-
pared with 4.31 mm mean-daily rainfall for the future simulation for station Kintampo in
the southern part of the study area.
In the cdf plots for temperature, as expected there is a rise in temperature in the future
with an amount of about 1.5 ◦C. This result is in agreement with the results by other re-
searchers and it’s in consonant with global temperature rise and some CORDEX simula-
tions performed by other researchers. It would be warmer towards the northern part of the
catchment with a mean maximum temperature of 36.8◦C as compared with 32.8◦C in the
southern part.
The RCM data is compared with the observed gauge station data and the results are as
followed.
Temperature
The temperature simulations of the RCM data from IMK-IFU show that the historical run is
very close to the observed temperature measurements for most of the stations. For station
Bole (as seen in figure 5.3), daily temperatures less than 27◦ C were well simulated as the two
cdf curves coincide. The daily mean of the observed temperature for this station is 26.9◦ C
whiles that of the simulated historical period is 26.8◦ C. However, some stations (e.g. Babile
and Bechem) have a large bias in the historical simulations as compared with the observed
temperature (figure 5.4).
Figure 5.3: Empirical cdf plots of observed and RCM runs using echam6 GCM driving
model for temperature for historical (hist) and future (rcp) simulations for sta-
tions Bole and Wenchi
Figures 5.5 and 5.6 show the annual cycle of the RCM data obtained from IMK-
IFU/WASCAL for five (5) different stations (Kintampo, Wenchi, Bui, Babile and Dedougou
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Figure 5.4: Empirical cdf plots of observed and RCM runs using echam6 GCM driving
model for temperature for historical (hist) and future (rcp) simulations for sta-
tions Babile and Bechem
which are spread across the study area. The figures also depict how the simulations per-
formed compared with the observed climate data. All the stations show an increase in the
future temperature as compared with the present up to a magnitude of about 2◦ C. This con-
firms the global change of about 2◦ C in the future. The historical (present) simulations of
temperature mimiced very well the observed time series for stations Kintampo and Bui and
fairly well for station Babile. But didn’t perform well for the other two stations. This results
suggest the need for the application of bias correction for the climate simulations before they
are used for impact studies.
Figure 5.5: Annual cycle of observed and RCM runs using echam6 GCM driving model for
temperature for historical (hist) and future (rcp) simulations for stations Wenchi
and Bui
Rainfall
The cdf curves of the daily rainfall show that the observed values show more dry periods
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Figure 5.6: Annual cycle of observed and RCM runs using echam6 GCM driving model for
temperature for historical (hist) and future (rcp) simulations for stations Babile
and Dedougou
than the historical simulations of the RCM. The days of zero precipitation is about 80% and
45% for the observed and historical runs respectively (figure 5.7). And this shows the occur-
rence of too many wet days with low-intensity rain which is typical biases with RCM out-
puts [Ines and Hansen, 2006]. The observed time series seems to get closer to the historical
runs only for rainfall values above 15 mm/day (as seen in figure 5.8). There is overestima-
tion of rainfall for the historical simulation as compared with the observed rainfall.
General under- or overestimation and incorrect seasonal variations of precipitation is also
synonymous with outputs of RCMs [Christensen et al., 2008; Terink et al., 2009; Teutschbein
and Seibert, 2010]. Therefore, bias correction methods are needed to help correct the various
problems with biased RCM output. Overall, the results shows that only about 45 % of the
observed and RCM simulations data has daily rainfall values exceeding 20 mm per day. One
could then use the so called “quantile− quantile mapping” [Ba´rdossy and Pegram, 2011; Boe´
et al., 2007; De´que´ et al., 2007; Johnson and Sharma, 2011] as the method to bias correct the
RCM simulations since this method truncates the extreme values. For station Babile, the
mean daily rainfalls for the observed, RCM-historical and RCM-future are 2.8, 4.9, and 4.1
mm respectively (figure 5.9). Implying that the observed rainfall amount are less than the
RCM-historical runs. With their corresponding maximum amounts been 119.6 (observed),
219.5 (RCM-historical) and 209.7 mm (RCM-historical) respectively. Similar results could be
seen for the rest of the stations as observed in figure 5.10.
The annual cycles of the rainfall time series are shown in figures 5.12, 5.13 and 5.14. The
mean daily values were smoothen (i.e. to remove the noise) by applying a weighting func-
tion on a 10 day moving window with the day in particular having a weight of 1.0 and
decreasing to 0.1 for the last 10 day in both directions. A typical example of a graph before
and after applying the smoothening function could be seen in figure 5.11.
The annual cycle figures show a slight decrease in the future rainfall as compared with the
present (figures 5.12, 5.13 and 5.14). The simulations were able to model the uni-modal cycle
of rainfall in station Bomborokuy, Bagassi and Babile. But unfortunately, not able to show
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Figure 5.7: Empirical cdf plots for observed and RCM (echam6-GCM driving model) runs of
daily rainfall less than 50mm for historical (hist) and future (rcp) simulations for
stations Babile and Kintampo
Figure 5.8: Empirical cdf plots for observed and RCM runs using Echam6 GCM driving
model for daily rainfall greater than 20mm for historical and future simulations
for stations Babile and Kintampo
the bi-modal rainfall cycle in the southern part of the catchment, as shown in stations Bui
and Kintampo. It tried to reproduce the annual cycle but failed in both the timing and the
magnitudes of the rain (figure 5.12).
The simulations show a late start in the rainfall season (the months of April and May) in the
future for all the stations.
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Figure 5.9: Empirical cdf plots for observed and Echam6 GCM driving model RCM runs of
daily rainfall for historical and future simulations for stations Babile and Kin-
tampo (N: number of events used, hist: historical simulations, rcp: future simu-
lations, obs: observed measurements, Po: percentage of zero rainfall)
Figure 5.10: Empirical cdf plots for observed and Echam6-GCM driving model RCM runs of
daily rainfall for historical and future simulations for stations Bagassi and Bui
(N: number of events used, hist: historical simulations, rcp: future simulations,
obs: observed measurements, Po: percentage of zero rainfall)
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Figure 5.11: Annual cycle before (left) and after smoothening (right) (i.e. noise removal)
Figure 5.12: Annual cycle of observed and RCM runs using echam6 GCM driving model for
rainfall for historical (hist) and future (rcp) simulations for station Kintampo
and Bui
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Figure 5.13: Annual cycle of observed and RCM runs using echam6 GCM driving model for
rainfall for historical (hist) and future (rcp) simulations for station Babile and
Bagassi
Figure 5.14: Annual cycle of observed and RCM runs using echam6 GCM driving model for
rainfall for historical (hist) and future (rcp) simulations for station Bomborokuy
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5.5 Results from the analysis of simulated climate data from
CORDEX
RCM data from various driving GCMs on Africa was downloaded from CORDEX for this
analysis. Daily rainfall and temperature simulations at a spatial resolution of approximately
50 km were used with the same year span as with the RCM data from IMK-IFU and the
observed data. In exploring how the rainfall variable is distributed in the study area, Lorenz
curves (figures 5.15 and 5.16) were plotted for the RCMs with the following GCM driving
models:
• Hadly Centre Global Environmental Model (HadGEM2) by the Meteorological office
Hadley Centre (MOHC)
• Canadian Earth System model (CanESM2) by the Canadian center for climate mod-
elling and analysis (CCCma)
• Geophysical Fluid Dynamics Laboratory Earth system model (GFDL−ESM2M)
• the Model for Interdisciplinary Research on Climate (MIROC5)
• the European Earth System Model (EC−EARTH)
• the the ERA-Interim reanalysis data (ERAINT)
• the RCM data from IMK−IFU
With the exception of the data from IMK−IFU which used WRF-RCM model, the rest of the
data were downscaled by SMHI using the Rossby Centre Regional Climate model (RCA4).
The data were downloaded from one of the nodes of CORDEX.
Lorenz Curves
Lorenz curves are graphical representation of the distribution of some variables like in-
come, wealth or rainfall (as in this case). They are commonly used in Economics and it
was developed by Max O. Lorenz in 1905 for representing inequality of the wealth distribu-
tion (https : //en.wikipedia.org/wiki/Lorenzcurve). The concept describes the inequality
among the population of some variables, where the cumulative proportion of the variable
population is plotted against the cumulative proportion of the amount or magnitude of the
variable.
The curve shows on its horizontal axis a defined population (e.g., rainfall), which are bro-
ken down into percentiles and ordered from left to right on the horizontal axis, from the
minimum to the maximum percentile. The vertical axis of the Lorenz curve shows the cu-
mulative percentage of the variable (e.g. rainfall) amount. It should be noted that the Lorenz
curve can be used for many other distributions.
Points on the Lorenz curve represent statements like the bottom 25% of the entire population
has 10% of the total rainfall amount. Both the horizontal and the vertical axis of the Lorenz
curve go from 0% to 100%. There is a perfectly equal distribution of the variable if every
population has the same variable amount. In this case, the bottom K% of the variable pop-
ulation would always have K% of the variable amount or magnitude. This can be depicted
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by the straight line y=x (i.e. the line of perfect equality). Deviations of the actual cumulative
distribution (i.e. the Lorenz curve), from the line of perfect equality then depicts the degree
of inequality of the variable being explored. If the line of the Lorenz curve is more bent, it
means the distribution of the variable across the population is more unequal.
Rainfall
Figures 5.15 and 5.16 show a plot of the Lorenz curves for the same RCM simulations (RCA4)
with different driving models for some of the stations in the catchment. The Lorenz curve of
Figure 5.15: Lorenz curve of RCM simulations of precipitation for different driving models
as compared with the observed
station Babile shows that between 40 − 50% of the daily data has zero precipitation (i.e. dry
days) for the various driving models with CanESM2 having about 65% zero precipitation. It
can also be observed that about 75% of the data have their daily rainfall values in the lower
25%. And in all, there wasn’t a big difference in the historical and future simulations of the
rainfall for most of the driving models.
In assessing how these other five (5) driving models predict the future climate in this area,
annual cycles of rainfall for different stations were constructed. They are shown in figures
5.17 to 5.20. CanESM driving model was able to simulate the bi-modal rainfall annual cycle
in the southern part (figure 5.17) but was unable to time it rightly. It showed the rain peaks
in the months of April and July instead of June and August as seen in the observed data.
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Figure 5.16: Lorenz curve for the RCM simulations of precipitation with different driving
models as compared with the observed for station Kintampo
It also showed a bi-modal cycle instead of a uni-modal for the station in the northern part
(Bomborokuy) of the catchment (figure 5.17). The EC-EARTH model also shows a bimodal
annual cycle in the south (station Bole) and in the north (station Bomborokuy) as seen in
figure 5.18. The results from GFDL and MIROC models (figures 5.19 and 5.20) tried to
reproduce the two peak cycles in the southern part and the uni-modal in the northern part
(figures 5.19 and 5.20).
For climate change signals, CanESM shows a slight decrease of rainfall in the south and the
northern part of the catchment. EC-EARTH did not show a significant difference between
the present and the future in terms of rainfall. And, GFDL shows a slight increase in rain in
the future in the southern part and a decrease in the northern part. MIROC driving model
predicts a slight decrease in the first rainfall season and an increase in the second season. All
the driving models shows a deviation of the historical runs from the observed data which
necessitates the application of bias corrections.
Temperature
From figures 5.21, 5.22 and 5.23 of temperature simulations for the various GCM driving
models, the following deductions could be made:
• CanESM depicts a daily mean temperature increase of about 2.5◦C in the future.
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Figure 5.17: Annual cycle of observed and RCM runs using CanESM GCM driving model
for rainfall for historical (hist) and future (rcp) simulations for stations Bole and
Bomborokuy
Figure 5.18: Annual cycle of observed and RCM runs using EC-EARTH GCM driving model
for rainfall for historical (hist) and future (rcp) simulations for stations Bole and
Bomborokuy
• A temperature increase of 1.2◦C is suggested by EC-EARTH.
• ECHAM shows an increase of about 1.7◦C in the future.
• GFDL rather predicts an increase of about 1.2◦C in the future.
• Both HadGEM and MIROC predict an increase of about 1.5◦C.
For extreme cases, the CanESM model predicts the highest temperature of about 37.5◦C
in the future whiles EC-EARTH shows the least maximum temperature of about 33.5◦C.
Overall, the CanESM and ECHAM models are better simulators of the observed temperature
than the rest of the models. Very similar results were also realized in the other stations (as
seen in figures 5.22 and 5.23).
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Figure 5.19: Annual cycle of observed and RCM runs using GFDL GCM driving model for
rainfall for historical (hist) and future (rcp) simulations for stations Bole and
Bomborokuy
Figure 5.20: Annual cycle of observed and RCM runs using MIROC GCM driving model
for rainfall for historical (hist) and future (rcp) simulations for stations Bole and
Bomborokuy
Potential Evapotranspiration (PET)
Daily potential evapotranspiration was calculated based on daily temperature, long-term
averages of temperature and the PET calculated using the data from Global − PET.
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Figure 5.21: Empirical cdf plots of observed and RCM runs using CanESM and EC-EARTH
driving models for temperature of historical (hist) and future (rcp) simulations
for station Babile
Figure 5.22: Empirical cdf plots of observed and RCM runs using ECHAM6 and GFDL driv-
ing models for temperature of historical (hist) and future (rcp) simulations for
station Babile
5.5 Results from the analysis of simulated climate data from CORDEX 77
Figure 5.23: Empirical cdf plots of observed and RCM runs using HadGEM and MIROC
driving models for temperature of historical (hist) and future (rcp) simulations
for station Babile
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5.6 Bias correction of climate simulations
5.6.1 Introduction
RCM simulations of temperature and precipitation often show biased representations of
observed climate and therefore must be handled with caution [Christensen et al., 2008;
Teutschbein and Seibert, 2010; Varis et al., 2004]. According to Teutschbein and Seib-
ert [2012], systematic model errors caused by imperfect conceptualization, discretization
and spatial averaging within grid cells are the reasons for such biases. To help remedy
the various problems associated with RCM output, bias correction methods are employed
[Teutschbein and Seibert, 2012]. The occurrence of too many wet days with low-intensity
rain or incorrect estimation of extreme temperatures [Ines and Hansen, 2006] and gen-
eral under-or overestimation and incorrect seasonal variations of precipitation [Christensen
et al., 2008; Terink et al., 2009; Teutschbein and Seibert, 2010] are the typical biases in an RCM
output. There are several bias correction methods which range from simple scaling meth-
ods to sophisticated approaches employing probability mapping or weather generators. The
procedures employ a transformation algorithm for adjusting the RCM output.
The idea behind the correction procedure is the identification of possible biases between ob-
served and simulated climate variables, which serves as the basis for correcting both control
and future scenario RCM runs [Teutschbein and Seibert, 2012]. In bias correction, it is as-
sumed that the correction algorithm and its parameterization for current climate conditions
are also valid for future conditions [Teutschbein and Seibert, 2012].
A review of literature shows the existence of the following bias correction methods which is
used to adjust RCM simulations: (1) linear scaling, (2) local intensity scaling, (3) power trans-
formation, (4) variance scaling, (5) distribution mapping and (6) the delta-change method.
In this study, the linear scaling and the distribution mapping approach which is also referred
to as “probability mapping” [Block et al., 2009; Ines and Hansen, 2006], “quantile−quantile
mapping” [Boe´ et al., 2007; Johnson and Sharma, 2011; Sun et al., 2011; Ba´rdossy and Pe-
gram, 2011; Pegram and Ba´rdossy, 2013], “statistical downscaling” [Piani et al., 2010] and
“histogram equalization” [Rojas et al., 2011; Sennikovs and Bethers, 2009] were used to bias
correct the RCM outputs. A precipitation threshold (for a day to be considered wet, precip-
itation should be greater than 0.1mm) as used by Piani et al. [2010] in their studies was also
used to adjust the wet-day frequencies of precipitation time series. The linear scaling and
distribution (quantile−quantile) mapping method are further described in the subsequent
sub-sections.
5.6.2 Linear Scaling method
The linear-scaling method works with monthly correction values which are based on the dif-
ferences between observed and historical simulated values [Teutschbein and Seibert, 2012].
According to Teutschbein and Seibert [2012], the correction of precipitation is done with a
factor based on the ratio of long-term monthly mean observed and historical (control) run
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data:
P ∗hist(d) = Phist(d).
[
µm(Pobs(d))
µm(Phist(d))
]
(5.1)
P ∗rcp(d) = Prcp(d).
[
µm(Pobs(d))
µm(Phist(d))
]
(5.2)
where,
P ∗hist is the corrected precipitation values of the control or historical simulation
Phist is the uncorrected control or historical simulation
P ∗rcp is the corrected precipitation values of the future simulation
Prcp is the uncorrected future simulation
µm(Pobs(d)) is the long-term monthly mean of observed data
µm(Phist(d)) is the long-term monthly mean of historical simulation
Temperature is corrected using an additive term which is based on the difference of long-
term monthly mean of observed and historical run data.
T ∗hist(d) = Thist(d) + µm(Tobs(d))− µm(Thist(d)) (5.3)
T ∗rcp(d) = Trcp(d) + µm(Tobs(d))− µm(Thist(d)) (5.4)
It should be noted that the applied correction factors and terms are assumed to remain con-
stant even for future conditions.
5.6.3 Quantile−Quantile mapping method
Quantile-quantile mapping is to correct the distribution function of RCM-simulated climate
values to agree with the observed distribution function and it is done by the creation of
a transfer function to shift the occurrence distributions of precipitation and temperature
[Sennikovs and Bethers, 2009].
Various literatures [Block et al., 2009; Ines and Hansen, 2006; Piani et al., 2010; Watterson
and Dix, 2003] reveal that the Gamma distribution [Thom, 1958] with shape parameter α
and scale parameter β is often assumed to be suitable and effective for distributions of pre-
cipitation events:
fγ (x | α, β) = xα−1 · 1
βα · Γ (α) · e
−x
β ; x ≥ 0; α, β > 0 (5.5)
The Gaussian distribution [Crame´r, 1945] with location parameterµ and scale parameterσ
is usually to best fit temperature time series [Teutschbein and Seibert, 2012; Schoenau and
Kehrig, 1990; Thom, 1952]:
fN
(
x | µ, σ2) = xµ−1 · 1
σ · √2pi · e
−(x−µ)2
2σ2 ; x ∈ < (5.6)
In this study, cumulative distribution functions (CDFs) were constructed for both the ob-
served and the RCM-simulated climate variables (1979−2005) for all days within a certain
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month (figures 5.24 and 5.25). The value of the RCM-simulated precipitation/temperature
of day d within month m was then searched on the empirical CDF of the RCM simulations
together with its corresponding cumulative probability (figures 5.24 and 5.25). The value
of precipitation/temperature was thereafter located on the empirical CDF of observations.
This value was finally used as the corrected value for the RCM control run (1979−2005). For
precipitation, this approach can be expressed mathematically in terms of the Gamma CDF
(Fγ) and its inverse (F−1γ ) as:
P ∗hist (d) = F
−1
γ (Fγ(Phist(d) | αhist,m, βhist,m) | αobs,m, βobs,m) (5.7)
P ∗rcp (d) = F
−1
γ (Fγ(Prcp(d) | αhist,m, βhist,m) | αobs,m, βobs,m) (5.8)
where,
P ∗hist is the corrected precipitation values of the control or historical simulation
Phist is the uncorrected control or historical simulation
P ∗rcp is the corrected precipitation values of the future simulation
Prcp is the uncorrected future simulation
The same approach can be used in terms of the Gaussian (normal) CDF (FN ) and its inverse
(F−1N ) for the temperature time series as:
T ∗hist (d) = F
−1
N (FN (Thist(d) | µhist,m, σ2hist,m) | µobs,m, σ2obs,m) (5.9)
T ∗rcp (d) = F
−1
N (FN (Trcp(d) | µhist,m, σ2hist,m) | µobs,m, σ2obs,m) (5.10)
where,
T ∗hist is the corrected temperature values of the control or historical simulation
Thist is the uncorrected control or historical simulation
T ∗rcp is the corrected temperature values of the future simulation
Trcp is the uncorrected future simulation
The shape and scale parameters for each of the distributions were determined using the
maximum likelihood estimation.
5.6.4 Results of Bias-corrected climate simulations
Rainfall
Figures 5.26 to 5.30 indicates the performance of the two different bias correction methods
applied on the five (5) diffferent GCM driving models used for this study. These figures
show the annual cycle of areal rainfall for both methods with their uncorrected data for the
various driving models.
Overall, the linear scaling (MC) approach was well-able to bring the historical simulations to
the observed whiles maintaining the change signal between the present and the future. The
linear scaling method destroys part of the distribution in the uncorrected data in the process.
The quantile mapping method (QC) maintains the change signal during the correction and
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Figure 5.24: Bias correction procudure for ECHAM6 driving model using quantile-quantile
mapping for station Babile. (The Gamma distribution of RCM-simulated daily
precipitation (dashed blue) was shifted towards the Gamma distribution of the
observations (red line))
also reproduces the distribution in the data. As a result, the corrected historical data from
the MC method fits better on the observed curve than the QC method. In all the GCM
driving models and the correction methods, the change signal between the historical and
the future are correctly reproduced. This shows the efficacy of the bias correction methods.
Table 5.1 shows a summary of the results in terms of the means, variance, maximum rainfall
and probability of dryness (P0) for the areal precipitation for the study area produced by the
uncorrected and corrected climate simulations.
It is observed in table 5.1 that, CanESM driving model shows an insignificant change in the
future precipitation according to the mean rainfall and the percentage of dryness for the
present and the future in the uncorrected and corrected simulations. On the other hand,
EC-EARTH indicates a slight increase in the future (2019−2045) precipitation in both the
uncorrected and corrected RCM simulations. However, the signal for the probability of dry-
ness remains unchanged in this driving model. There is a negative rainfall signal from the
ECHAM driving model and an increase in the percentage of dryness for the future. GFDL,
shows a slight increase in the future rainfall and an insignificant change in the probabil-
ity of dryness. And lastly, the MIROC model predicts a slight increase of rainfall in both
the uncorrected and corrected RCM simulations. Table 5.1 indicates that the change in the
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Figure 5.25: Bias correction procudure for ECHAM6 driving model using quantile-quantile
mapping for station Wenchi. (The Gausssian distribution of RCM-simulated
daily temperature (dashed blue) was shifted towards the Gaussian distribution
of the observations (red line)).
Figure 5.26: Annual cycle of observed(obs), uncorrected historical and future rainfall RCM
simulations (histUC and rcpUC) and bias corrected simulations (MC/QC) for
the CanESM driving model. Left: Correction using Linear Scaling method (MC),
Right: Correction using Quantile mapping method (QC)
5.6 Bias correction of climate simulations 83
Figure 5.27: Annual cycle of observed(obs), uncorrected historical and future rainfall RCM
simulations (histUC and rcpUC) and bias corrected simulations (MC/QC) for
the EC-EARTH driving model. Left: Correction using Linear Scaling method
(MC), Right: Correction using Quantile mapping method (QC)
Figure 5.28: Annual cycle of observed(obs), uncorrected historical and future rainfall RCM
simulations (histUC and rcpUC) and bias corrected simulations (MC/QC) for
the ECHAM driving model. Left: Correction using Linear Scaling method (MC),
Right: Correction using Quantile mapping method (QC)
probability of rainfall exceeding 20 mm/day in the future is insignificant. ECHAM has the
highest variance in the data (71.73 (mm/day)2) for the uncorrected data and CanESM has
the minimum variance.
Temperature
Figures 5.31 to 5.35 shows that both the corrected and uncorrected RCM simulations predict
a warmer future of about 1 - 2 degrees celsius. This signal is maintained in the data obtained
from the application of the two bias correction methods. The annual cycles also indicate
that the RCM simulations reproduce the two peaks in the annual temperature cycle for the
months of March and October. All the driving models capture the low temperature season in
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Table 5.1: Summary of results for corrected and uncorrected rainfall simulations (areal) for
historical period ( 1979−2005) and future (2019−2045). P0 and P20 represents the
probability of zero precipitation and precipitation above 20mm respectively
Scenario
GCM RCM Mean Variance Max P0 P20
mm/day (mm/day) mm/day
Observed 2.52 27.18 55.91 0.54 0.0199
Uncorrected
historical
runs
CanESM RCA4 2.10 11.46 37.94 0.483 0.0015
EC-EARTH RCA4 2.88 17.62 67.93 0.4088 0.0045
ECHAM WRF 4.76 71.73 286.50 0.2743 0.0327
GFDL RCA4 3.03 22.54 63.89 0.4539 0.0079
MIROC RCA4 3.13 16.87 74.28 0.3268 0.003
Uncorrected
future
runs
CanESM RCA4 2.13 10.79 25.61 0.4767 3.04E-04
EC-EARTH RCA4 3.01 23.28 88.05 0.4088 0.0054
ECHAM WRF 3.87 58.74 150.86 0.4292 0.0282
GFDL RCA4 3.26 27.79 72.58 0.4531 0.0118
MIROC RCA4 3.30 24.24 79.19 0.3479 0.0085
Bias Corrected
historical runs
using linear
scaling method
CanESM RCA4 2.16 13.27 37.09 0.483 0.0035
EC-EARTH RCA4 2.45 14.97 67.93 0.4088 0.004
ECHAM WRF 3.19 45.36 286.50 0.2743 0.0219
GFDL RCA4 2.55 18.30 64.77 0.4539 0.0069
MIROC RCA4 2.47 13.82 74.28 0.3268 0.0021
Bias Corrected
future runs
using linear
scaling method
CanESM RCA4 2.19 13.03 35.34 0.4767 0.0025
EC-EARTH RCA4 2.56 20.32 83.42 0.4088 0.0048
ECHAM WRF 2.81 41.26 111.94 0.4292 0.0206
GFDL RCA4 2.78 23.36 72.58 0.4531 0.0105
MIROC RCA4 2.77 22.94 94.05 0.3479 0.0092
Bias Corrected
historical runs
using quantile
mapping method
CanESM RCA4 2.67 24.50 66.81 0.5371 0.0138
EC-EARTH RCA4 2.67 24.03 106.42 0.4984 0.011
ECHAM WRF 2.48 28.22 198.91 0.3858 0.0126
GFDL RCA4 2.64 25.13 82.83 0.5235 0.0095
MIROC RCA4 2.63 24.61 129.44 0.4496 0.0084
Bias Corrected
future runs
using quantile
mapping method
CanESM RCA4 2.68 22.33 43.27 0.5299 0.0106
EC-EARTH RCA4 2.88 37.48 141.09 0.5053 0.0118
ECHAM WRF 2.03 22.18 102.67 0.5106 0.0101
GFDL RCA4 2.94 32.39 95.10 0.5263 0.0162
MIROC RCA4 3.03 41.81 138.98 0.4836 0.0187
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Figure 5.29: Annual cycle of observed(obs), uncorrected historical and future rainfall RCM
simulations (histUC and rcpUC) and bias corrected simulations (MC/QC) for
the GFDL driving model. Left: Correction using Linear Scaling method (MC),
Right: Correction using Quantile mapping method (QC)
Figure 5.30: Annual cycle of observed(obs), uncorrected historical and future rainfall RCM
simulations (histUC and rcpUC) and bias corrected simulations (MC/QC) for
the MIROC driving model. Left: Correction using Linear Scaling method (MC),
Right: Correction using Quantile mapping method (QC)
the months of July and August. The low temperature in the Harmattan season (December to
February) is also well captured in the annual cycles produced by the various driving models.
Looking at the annual cycle figures, it is however difficult to determine which bias correction
method performed better. In the corrected data, the magnitude of the temperature change
in the future is narrowed after the correction. The data corrected using quantile mapping
shows a less magnitude of temperature increase than the corrected data using linear scaling
method.
Table 5.2 shows a summary of the areal mean, variances and maximum daily temperature
values for the study area. It could be again observed from table5.2 that all the GCM/RCM
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Figure 5.31: Annual cycle of observed(obs), uncorrected historical and future temperature
RCM simulations (histUC and rcpUC) and bias corrected simulations (MC/QC)
for the CanESM driving model. Left: Correction using Linear Scaling method
(MC), Right: Correction using Quantile mapping method (QC)
Figure 5.32: Annual cycle of observed(obs), uncorrected historical and future temperature
RCM simulations (histUC and rcpUC) and bias corrected simulations (MC/QC)
for the EC-EARTH driving model. Left: Correction using Linear Scaling method
(MC), Right: Correction using Quantile mapping method (QC)
models predict a warmer future which ranges from approximately +1◦C to +2◦C. All the
GCM/RCMs also indicates an increase in the extreme temperatures as observed in table
5.2. The simulations are obviously improved after the bias correction and that there is a
higher variance in the uncorrected simulations but it is reduced after the bias correction.
Correction using quantile mapping predicts a less warmer future and a smaller variance
than the correction using linear scaling method.
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Table 5.2: Summary of results for corrected and uncorrected temperature simulations (areal)
for historical period ( 1979−2005) and future (2019−2045)
Scenario
GCM RCM Mean Variance Max
C/day (C/day) C/day
Observed 27.15 2.79 33.89
Uncorrected
historical
runs
CanESM RCA4 27.2519 5.4909 35.01
EC-EARTH RCA4 25.10 3.58 31.45
ECHAM WRF 26.76 5.03 33.55
GFDL RCA4 25.40 5.86 33.80
MIROC RCA4 26.74 3.24 33.39
Uncorrected
future
runs
CanESM RCA4 28.69 5.52 36.01
EC-EARTH RCA4 26.23 3.40 32.71
ECHAM WRF 28.40 6.83 34.84
GFDL RCA4 26.69 6.16 35.69
MIROC RCA4 28.19 4.11 36.21
Bias Corrected
historical runs
using linear
scaling method
CanESM RCA4 27.43 2.45 34.44
EC-EARTH RCA4 26.96 3.09 33.08
ECHAM WRF 27.21 3.90 33.36
GFDL RCA4 27.02 3.35 34.09
MIROC RCA4 27.17 2.55 33.32
Bias Corrected
future runs
using linear
scaling method
CanESM RCA4 28.87 2.46 34.92
EC-EARTH RCA4 28.08 3.07 34.04
ECHAM WRF 28.85 4.59 34.60
GFDL RCA4 28.31 3.47 36.40
MIROC RCA4 28.63 3.46 36.14
Bias Corrected
historical runs
using quantile
mapping method
CanESM RCA4 27.15 1.42 31.10
EC-EARTH RCA4 27.15 2.18 32.10
ECHAM WRF 27.15 1.55 30.92
GFDL RCA4 27.15 1.33 31.16
MIROC RCA4 27.15 2.41 32.89
Bias Corrected
future runs
using quantile
mapping method
CanESM RCA4 27.89 1.43 31.61
EC-EARTH RCA4 28.03 2.07 33.08
ECHAM WRF 28.07 2.10 31.64
GFDL RCA4 27.77 1.40 32.06
MIROC RCA4 28.41 3.05 35.32
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Figure 5.33: Annual cycle of observed(obs), uncorrected historical and future temperature
RCM simulations (histUC and rcpUC) and bias corrected simulations (MC/QC)
for the ECHAM driving model. Left: Correction using Linear Scaling method
(MC), Right: Correction using Quantile mapping method (QC)
Figure 5.34: Annual cycle of observed(obs), uncorrected historical and future temperature
RCM simulations (histUC and rcpUC) and bias corrected simulations (MC/QC)
for the GFDL driving model. Left: Correction using Linear Scaling method
(MC), Right: Correction using Quantile mapping method (QC)
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Figure 5.35: Annual cycle of observed(obs), uncorrected historical and future temperature
RCM simulations (histUC and rcpUC) and bias corrected simulations (MC/QC)
for the MIROC driving model. Left: Correction using Linear Scaling method
(MC), Right: Correction using Quantile mapping method (QC)
6 Effects of climate change (cc) on the
hydrology of the sub-region
6.1 Introduction
The hydrological cycle is directly connected to the climate system, therefore changes that
occur in the climate also have effects on the hydrology of a region. From the preceding
chapters, it is clear and unambiguous that climate change is having its footprint on the West
Africa sub-region. Because the sub-region largely depends on rainfall and river flow for its
agriculture, domestic water supply and energy production, changes in these variables will
significantly affect the economy and the people of this sub-region. For the rapid develop-
ment of the African Continent and its sub-regions, agriculture, water supply and energy
production are key and vital to the realization of this dream.
Huge investments has been made in hydropower generation in this sub-region over the
past one to two decades but has yielded small results in terms of electricity production. An
example is the Bui hydropower in Ghana which is working far below the designed capacity
because of low-levels of water in the reservoir of the dam. The Volta river authority which
operates the Akosombo dam which is the main source of electricity for most of the countries
in the sub-region also has to shut down most of its turbines during the last decade as the
result of less rainfall during the period. All these could be attributed to climate change
and its effects on the sub-region. Furthermore, the people in the northern part of the sub-
region are peasant farmers who depend solely on rain-fed agriculture for their sustenance.
Therefore, climate change will also promote more rural-urban and international migration
of people in the sub-region which has its own negative consequences.
In this chapter, we tried to ascertain the effects of climate change on the hydrology of the sub-
region. To do this, we used the RCM simulations obtained from CORDEX and IMK−IFU
in conjunction with the calibrated and validated HBV hydrological model to determine the
effects of the changed climate on the hydrology of the Black Volta Basin. Five (5) of the GCM
driving models used to determine climate change in the preceding chapter were used to find
out the effects of climate change on hydrology.
6.2 The effects of CC on hydrology using CanESM driving model
The CanESM2M is the second edition of the climate model for the Canadian Center for Cli-
mate Modeling and Analysis (CCCma). The areal precipitation, temperature and potential
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evapotranspiration were used as inputs for the lumped HBV hydrological model to get the
river flow (discharge) as the output for the historical (control) and the future (rcp) time peri-
ods. Flow duration curves (FDCs) and annual cycles were constructed and the results could
be seen in figures 6.1 and 6.3 respectively.
The FDC in figure 6.1 shows that for the uncorrected (UC) RCM simulations, the discharge
(River flow) in the future will slightly increase. With magnitudes slightly higher for mean
daily flow which are less than 100m3/s. For the flows which are higher than 100 m3/s,
the increase is very minimal. However, the curve of the historical discharge simulations
was quite different from the observed discharge curve and the reasons might be from the
errors in observations and wrong parameterization of the climate and/or the hydrological
models. It could also be seen from the curve that, for 25% of the time the daily discharge
obtained from the RCM simulations equaled or exceeded 100 m3/s. This number reduces
to about 10−20 m3/s for the 50% exceedance probability and reduces further to 2−3 m3/s
for the 75% exceedance probability. This therefore shows that, the Rivers in this catchment
virtually dries up for about 25−30% of the times. The peak discharge is about 300 m3/s and
this is equaled or exceeded for about 10% of the time.
Figure 6.1 also shows the results from the bias corrected simulations using Quantile map-
ping method. They are shown in dashed blue and dashed green colours for historical
(1980−2005) and future (2020−2045) periods respectively. The corrected data clearly pre-
dicts an increase in the future discharge(river flow) as compared with the historical. The
increase is more pronounced with the corrected than the uncorrected data (figure 6.1). For
example, in 50% of the time a discharge of 3m3/s and 12m3/s is equaled or exceeded in
the corrected historical and future respectively. The positive singal is reduced in higher
discharges (i.e. flows greater than 100m3/s).
In comparing the results to the other bias correction method (i.e. linear scaling (MC)), figure
6.2 shows the fdc obtained using linear scaling as the correction method. In this method
(figure 6.2) the increase is not huge and is closer to what the uncorrected data predicts. In all
the three scenarios (i.e. the uncorrected (UC), corrected using quantile mapping (QC) and
corrected using linear scaling (MC)), the change signal is maintained and reproduced.
The simulated discharge curve (sim) which is shown in orange colour as seen in figures
6.1 and 6.2 is the simulation obtained by using the observed climate as input data in the
hydrological model to produce the runoff (discharge). This curve is close to the observed
discharge but it underestimate the low flows and also overestimate the high flows as was
also discussed in section 4.5.
A time series plot (not shown) of the simulated discharges of the RCMs shows an increase
in the peaks of the discharge for the future as compared with the present. It is however
striking to know that some years in the future rather shows less discharge as compared
with the present. One could also notice a mixture of an early and late accumulation of the
discharge. And with the exception of discharge years 1989, 1992, 1993, 1997 and 2002 for the
historical simulation and 2029, 2032, 2033, 2037 and 2042 for the future, all the discharges
were less than the 600 m3/s mark.
The graph of the annual cycle (figure 6.3) of the discharge from the RCM simulations using
92 Effects of climate change (cc) on the hydrology of the sub-region
Figure 6.1: Flow duration curves of simulated discharges (historical (hist) (1980−2005)
(blue); future (rcp)(2020−2045) (green); observed (1980−2005)(red); simulated
(1980−2005) (orange); bias-corrected rcm simulations using linear scaling (MC)
method dashed blue and green) with CanESM as the driving model
CanESM driving model shows a bi-modal discharge cycle for the uncorrected (UC) and
corrected data using quantile mapping (QC). The first peak is in May and the second one
in August. The observed annual cycle and the corrected data using linear scaling method
(MC) rather shows a uni-modal discharge cycle which peaks in August/September. From
the RCM simulations, there is a decrease in the discharge for the first cycle and an increase
during the second cycle for the future as compared with the historical simulation. It could
be inferred that there will be a decreased discharge in the first or minor discharge cycle and
an increased discharge during the second or the major discharge cycle in the future. The
rivers dry up for about 4 months of the year. Both the uncorrected and corrected data shows
the discharge cycle reaching its highest amount in the month of August
Furthermore, the discharge from the historical RCM simulations didn’t quite represent the
observed discharge as seen in figure 6.3. It could be seen in figure 6.3 that, the simulated
discharge (sim) outperformed the discharge resulting from the historical rcm simulations.
Whiles the simulated discharge showed a uni-modal annual cycle which is what happens in
the observed data, the historical showed a bi-modal cycle. Again, it could be seen from the
annual cycle that there is slight underestimation of the low flows and overestimation of the
peaks in the simulated discharge.
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Figure 6.2: Flow duration curves of simulated discharges (historical (hist) (1980−2005)
(blue); future (rcp)(2020−2045) (green); observed (1980−2005)(red); simulated
(1980−2005) (orange); bias-corrected rcm simulations using linear scaling (MC)
method dashed blue and green) with CanESM as the driving model
Figure 6.3: Annual cycle of discharges (historical (hist) (1980−2005) (blue); future
(rcp)(2020−2045) (green); bias-corrected rcm simulations using linear scaling
(MC) (−left) and quantile mapping (QC) (−right) methods dashed blue and green)
using CanESM as the driving model; observed (obs) (1980-2005) (red) and simu-
lated discharges (sim) (1980−2005) (black))
6.3 The effects of CC on hydrology using EC-EARTH driving
model
EC-EARTH is an Earth System model (ESM) which was developed and maintained by a
consortium of European climate modelers. It brings together 27 research institutes from 10
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European countries to collaborate on the development of an Earth System Model (www.ec-
earth.org). Figures 6.4, 6.5 and 6.6 show and describe the effects of climate change on the
hydrology of the West Africa sub-region using this model.
Figure 6.4: Flow duration curves of simulated discharges (historical (hist) (1980−2005)
(blue); future (rcp)(2020−2045) (green); observed (1980−2005)(red); simulated
(1980−2005) (orange); bias-corrected rcm simulations using Quantile mapping
(QC) method dashed blue and green) with EC-EARTH as the driving model
The FDC of the discharge using EC−EARTH driving model reveals that, the discharge will
decrease slightly in the future as compared with the present which is a direct opposite of
what the CanESM model predicted. This case also shows that, at 25% of the times a dis-
charge of 70m3/s is equaled or exceeded, whiles 20m3/s is for 50% exceedance probability
and 4m3/s is for 75% in the future.
Figures 6.4 and 6.5 shows that the bias corrected data also predicts a negative signal for the
hydrology of the future. The future discharge for 50% exceedeence probability is 20m3/s
and 8m3/s for the quantile mapping and linear scaling methods for bias correction respec-
tively. The corrected data from linear scaling (MC) method predicts lower discharges as
compared with that from the quantile mapping (QC). In this case, the bias corrected histori-
cal data using linear scaling method performed better than its counterpart (QC) method (as
seen in figure 6.5).
The annual cycle of discharge (figure 6.6) for the EC-EARTH driving model also confirms a
slight decrease in the discharge in the future. It also shows one discharge cycle and not two
as previously observed with the case of the CanESM model. The discharge begins to increase
in the month of April when the rainy season begins. It then peaks in August/September
and then subsides in October to March the following year. The high uncertainty in the
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Figure 6.5: Flow duration curves of simulated discharges (historical (hist) (1980−2005)
(blue); future (rcp)(2020−2045) (green); observed (1980−2005)(red); simulated
(1980−2005) (orange); bias-corrected rcm simulations using linear scaling (MC)
method dashed blue and green) with EC-EARTH as the driving model
Figure 6.6: Annual cycle of discharges (historical (hist) (1980−2005) (blue); future
(rcp)(2020−2045) (green); bias-corrected rcm simulations using linear scaling
(MC) (−left) and quantile mapping (QC) (−right) methods dashed blue and green)
using EC-EARTH as the driving model; observed (obs) (1980-2005) (red) and sim-
ulated discharges (sim) (1980−2005) (black))
first discharge months (April−June) is evident in both the historical, observed and future
discharges. The negative signal is maintained in the results from the bias corrected data.
Both the MC and QC correction methods shows a negative discharge singnal in the future.
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The MC bias correction method predicted lesser discharges in the low flows and higher
discharges in the peak flows as compared the QC correction method (figure 6.6). This also
shows the uncertainties in the bias correction methods.
6.4 The effects of CC on hydrology using ECHAM driving model
ECHAM is an atmospheric general circulation model, developed by the Max Planck Insti-
tute (MPI) for Meteorology and it forms the atmospheric component of the MPI−ESM. The
current version is ECHAM6 which was used for this study. The FDC from this model (figure
6.7) shows a decrease in the future discharge as compared with the historical. The decrease
is rather huge as compared with what the CanESM predicted. Overall, this model yields
higher discharges in comparison with the other models. For example, the 25%, 50% and
75% exceedance probabilities give discharges of 400m3/s, 40m3/s and 10m3/s respectively.
Figure 6.7: Flow duration curves of simulated discharges (historical (hist) (1980−2005)
(blue); future (rcp)(2020−2045) (green); observed (1980−2005)(red); simulated
(1980−2005) (orange); bias-corrected rcm simulations using Quantile mapping
(QC) method dashed blue and green) with ECHAM as the driving model
The discharge curve obtained from the historical RCM simulations as input is far away from
the discharge curve of the observations.
In figures 6.7 and 6.8 the curves obtained using corrected RCMs as input data yielded better
results than the uncorrected RCM data. Both the two bias correction methods maintains
the negative impact change signal as seen in figures 6.7 and 6.8. The decrease in the dis-
charge narrows for high discharges (flows above 100m3/s) which occurs in 20% of the times.
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Figure 6.8: Flow duration curves of simulated discharges (historical (hist) (1980−2005)
(blue); future (rcp)(2020−2045) (green); observed (1980−2005)(red); simulated
(1980−2005) (orange); bias-corrected rcm simulations using linear scaling (MC)
method dashed blue and green) with ECHAM as the driving model
Figure 6.9: Annual cycle of discharges (historical (hist) (1980−2005) (blue); future
(rcp)(2020−2045) (green); bias-corrected rcm simulations using linear scaling
(MC) (−left) and quantile mapping (QC) (−right) methods dashed blue and green)
using ECHAM as the driving model; observed (obs) (1980-2005) (red) and simu-
lated discharges (sim) (1980−2005) (black))
The historical discharge as a result of the correction using QC outperformed the discharge
as a result of the MC correction method. The 50% exceedance probabilities for future un-
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corrected, future corrected using MC method and future corrected using QC method are
40m3/s, 6m3/s and 10m3/s respectively.
The annual cycle (figure 6.9) also shows a decrease in the discharge in the future and a uni-
modal discharge cycle. Surprisingly, very huge discharges are the product of this driving
model and can clearly be seen from figure 6.9 that whiles the peak discharge of the observed
is about 600 m3/s. That from the historical simulation is 4000 m3/s, which is a clear over-
estimation of the discharge. The discharge cycle starts rather late (in June) and peaks in the
middle of August. The high discrepancies and uncertainties resulting from the discharge
for this driving model could be due to the higher spatial resolution (12 km) for this model
as compared with the data from CORDEX, which has a resolution of 50 km.
The annual cycle again shows that the corrected data using QC method performed better
than that using MC method as seen in figure6.9. Figure 6.9 also shows the bias corrected
data performed better than the uncorrected data.
6.5 The effects of CC on hydrology using GFDL driving model
GFDL Climate and Earth System Models (GFDL−ESM) was developed by the Geophysi-
cal Fluid Dynamics Laboratory (GFDL) which is a laboratory in the National Oceanic and
Atmospheric Administration (NOAA) office of Oceanic and Atmospheric Research (OAR)
(www.gfdl.noaa.gov).
The flow duration curve that resulted from this model can be seen in figure 6.10. The uncor-
rected climate data shows a mixture of both an increased and decreased flow in the future
as compared with the historical. In about 50% of the time, the flow for the future was less
than that of the historical and vice versa. For 25% of the time a flow of 80 m3/s was equaled
or exceeded in the uncorrected data whiles 10 m3/s is for 50% exceedance probability and 2
m3/s is for 75% exceedance probability.
However, the discharges resulting from the corrected RCM simulations (figures 6.10 and
6.11 show a better results and a decrease in the future discharge as compared with the cor-
rected historical simulations. The QC method corrected data performed better than the MC
method. In 50% of the time, the discharges from the QC and MC method corrected data
indicates that a discharge of 5m3/s will be equaled or exceeded in the future as compared
with 15−20m3/s in the historical/present period.
The annual cycle shows a slight increase in the peak discharges for the future as compared
with the historical (figure 6.12). The discharge for the historical period has similar flow
pattern with the observed discharge but the peak discharge is almost doubled in the month
of September. The month of the peak discharge is shifted from August in the observed
discharge cycle to September in both the historical and future discharge cycles.
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Figure 6.10: Flow duration curves of simulated discharges (historical (hist) (1980−2005)
(blue); future (rcp)(2020−2045) (green); observed (1980−2005)(red); simulated
(1980−2005) (orange); bias-corrected rcm simulations using Quantile mapping
(QC) method dashed blue and green) with GFDL as the driving model
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Figure 6.11: Flow duration curves of simulated discharges (historical (hist) (1980−2005)
(blue); future (rcp)(2020−2045) (green); observed (1980−2005)(red); simulated
(1980−2005) (orange); bias-corrected rcm simulations using linear scaling (MC)
method dashed blue and green) with GFDL as the driving model
Figure 6.12: Annual cycle of discharges (historical (hist) (1980−2005) (blue); future
(rcp)(2020−2045) (green); bias-corrected rcm simulations using linear scaling
(MC) (−left) and quantile mapping (QC) (−right) methods dashed blue and green)
using GFDL as the driving model; observed (obs) (1980-2005) (red) and simu-
lated discharges (sim) (1980−2005) (black))
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6.6 The effects of CC on hydrology using MIROC driving model
MIROC is the climate model developed by the Center for Climate System Research in Japan.
Figure 6.13 shows the flow duration curve obtained when the results of this model was
used as the input to the hydrological model. From this driving model, it could be observed
that the discharge/flow for the future will decrease as compared with the present and the
amount decreased would be very high for the low flows (flows less than 100 m3/s). The
observed flow is better simulated by the historical simulations produced by the RCMs. The
25%, 50% and 75% exceedance probabilities produced discharges of 30 m3/s, 6 m3/s and 2
m3/s respectively in the future.
The corrected data also predicts a negative impact signal on the hydrology of the catchment
in the future (figures 6.13 and 6.14). The correction using quantile mapping method per-
formed better than the linear scaling method for the historical corrected simulations. For
the 50% exceedance probability, the QC and MC corrected future data predicts a discharge
of 5m3/s as against a discharge of 10−20m3/s for the historical/present period.
Figure 6.13: Flow duration curves of simulated discharges (historical (hist) (1980−2005)
(blue); future (rcp)(2020−2045) (green); observed (1980−2005)(red); simulated
(1980−2005) (orange); bias-corrected RCM simulations using Quantile mapping
(QC) method dashed blue and green) with MIROC as the driving model
The annual discharge cycle (figure 6.15) for both the corrected and uncorrected data also
shows the same decrease in flows for the future for the flows below 150m3/s from January
to the middle of August. Then for the flows exceeding 300m3/s which occurs around Au-
gust/September, there is an increase discharge for the future as compared with the present.
It could therefore be concluded in this case that in the future, the dry periods becomes drier
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Figure 6.14: Flow duration curves of simulated discharges (historical (hist) (1980−2005)
(blue); future (rcp)(2020−2045) (green); observed (1980−2005)(red); simulated
(1980−2005) (orange); bias-corrected rcm simulations using linear scaling (MC)
method dashed blue and green) with MIROC as the driving model
Figure 6.15: Annual cycle of discharges (historical (hist) (1980−2005) (blue); future
(rcp)(2020−2045) (green); bias-corrected rcm simulations using linear scaling
(MC) (−left) and quantile mapping (QC) (−right) methods dashed blue and green)
using MIROC as the driving model; observed (obs) (1980-2005) (red) and simu-
lated discharges (sim) (1980−2005) (black))
and the wet periods become wetter with more extreme cases happening. The month for the
peak discharge is shifted from August to September as seen in the observed discharge curve.
The future from this GCM driving model shows that from the months of November to April
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there is very little flows and the rivers in the catchment virtually dries up. The flow begins
to increase from the month of July which is very late as compared with the observed and
historical cycle. This indicates a shorten discharge regime from 6−7 months to just 4 months
which might have dire consequences on the agriculture, hydropower and water supply of
the countries in this sub-region.
7 Summary and Conclusions
From the review of literature, it was undoubtful that climate change (cc) has already and will
continue to have its footprint on the sub-region. And to ameliorate the impacts of cc on the
hydrology and water resources of this region, a scientifically proven model and assessment
needed to be done.
Again, for the proper management of the water resources in this area and for good pol-
icy decisions and investments in water related projects, the impact of cc on hydrology and
water resources is very essential and crucial for the region. West Africa been a developing
sub-region needs to make good and plausible decisions on water-related issues and manage-
ment so as to acquire the needed and anticipated benefits from all investments made in this
regard. It is imperative to stress that, the Bui hydropower which is in this sub-region con-
structed at a cost of 790 million US dollars for an installed capacity (IC) of 400 MW (source:
www.buipower.com) is currently working to about 20% of the IC. This problem is mainly
due to low levels of water in the reservoir. This could be as a result of cc on the hydrology
and water resources of the sub-region which was not taken into account during the design
and construction of the hydropower. To possibly avert this blunder in the future, there is
the need to incorporate the effects of cc on all water related projects (wrp) in the region as to
optimize the benefits of all wrps in the future.
Preliminary analysis of observed hydro-climatic data of the region showed that, results were
in consonant with previous studies and research. The southern part of the catchment has a
bi-modal rainfall cycle whiles the northern part shows a uni-modal cycle. Rainfall is influ-
enced by the distance from the coast (ie northings) and it has a negative trend as one move
away from the coast. There is a positive temperature trend towards the northern part of
this region. The temperature difference throughout the year is very minimal (range: +34◦C
to +19◦C). There is more vegetation in the southern part as compared to the north. The
sub-region been in the lower to middle income economies has scarce meteorological and
hydrological observed data.
Water balance analysis in this sub-region using the HBV model showed a good water bal-
ance for the Black Volta Catchment (size: 150,000 km2) in this region. The lumped conceptual
HBV model was able to capture and well predict the dynamics in the catchment. At the end,
a good model performance was achieved by using different optimization and model per-
formance measures. The optimization method which uses a combination of Nash Sutcliffe
(NS) and the logarithm of the discharges (LogNS) achieved the most desirable results. The
HBV rainfall-runoff model was able to react to signals with a fairly good performance. The
weak point of the model is the overestimation of the peaks at certain times.
Climate change in the sub-region was investigated using five (5) different GCM driving
models with the RCA4 RCM model and one GCM model with the WRF model using the
105
RCP4.5. Expectedly, all the driving models and RCMs showed an increase in the mean daily
temperature for the future (2019 − 2045) as compared with the historical simulations (1979
− 2005). The temperature change ranged from +1.0◦C to 2.5◦C across the various driving
models. The Canadian Earth System Model (CanESM2M) predicts a hotter climate in the
future (increase of +2.5◦C) whiles the EC-EARTH and GFDL models predicted an increase
of 1.2◦C each.
The bias corrected temperature RCM simulations for temperature yielded better results as
compared with the uncorrected data and also reproduced the positive temperature change
signal for all the models. For example, the mean daily temperature increase for the fu-
ture was reduced from approximately +2◦C in the uncorrected data to +1.6◦C and +1◦C
in the linear scaling and quantile mapping methods of bias correction respectively for the
ECHAM driving model. In all the models, the bias corrections reduced the future tempera-
ture increase with the quantile method predicting a moderate warmer future than the linear
scaling method and the uncorrected data.
For precipitation change signal, the CanESM model doesn’t show any clear change signal.
The EC-EARTH, GFDL and the MIROC driving models predict a slight positive change sig-
nal in both the uncorrected and the bias corrected GCM/RCM simulations. On the other
hand, the ECHAM model indicates a slight decrease in the future precipitation in both the
uncorrected and bias corrected simulations. Therefore, the future precipitation change sig-
nal is difficult to predict for this catchment. However, this information should be used with
caution because; only RCP4.5 climate scenario was used to arrive at this conclusion. Differ-
ent GCM and RCM models with other climate scenarios need to be investigated in further
studies.
Lastly, on the effects of these changes on the hydrology of the sub-region, four (4) (EC-
EARTH, ECHAM, GFDL and MIROC) out of the five (5) models showed a clear decrease in
discharge for the future. The decrease (negative impact) is more pronounced and clearer in
the bias corrected data. Only the CanESM model showed an increase in the future discharge.
It could therefore be concluded that climate change will negatively affect and impact the
hydrology of this sub-region because there would be a decrease in the future discharge for
the study area.
It is also worthwhile to state that the Quantile mapping bias correction method produced
better results than the linear scaling method in most cases.
In conclusion, the study reveals that cc could negatively affect the hydrology of the sub-
region. Therefore, proper adaptation and water resources management measures need to be
put in place to mitigate or ameliorate the effects of cc on the hydrology and water resources
of the region. It is also recommended for the region to possibly look for alternative sources
of electricity, because, there would not be enough water in the reservoirs for Hydropower
production in the future. The negative effects of cc on the water resources is also a regional
security threat because, it may lead to loss of jobs, occupation and farming harvest. This may
subsequently destabilize the already vulnerable sub-region and increase food insecurity and
poverty. To mitigate food insecurity and poverty in the sub-region, more irrigation dams
needs to be constructed to store the less future water resource for farming activities.
106 Summary and Conclusions
Lastly, the population of the sub-region is on the increase (growth rate: 2.5% per annum) and
this puts additional stress on the scarce water resources. And, proper adaptation measures
and solutions could help reduce the impact of cc on the hydrology of the region.
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